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The ability to perform skilled movements of the upper limbs is a defining feature 
of modern day humans, and has been since the time of their upright standing ancestors 
some 2.5 million years ago (Bradshaw and Rogers 1996). Despite sharing a large degree 
of biomechanical similarity, however, the left and right arms did not evolve with similar 
degrees of dexterity and, rather, demonstrate large differences in sensorimotor ability. 
This movement asymmetry, more commonly known as handedness, has been the subject 
of intense study within the realms of psychology, neurophysiology and others. The aim of 
the present chapter, therefore, is to review this scientific literature with a particular 
emphasis placed on upper limb asymmetries in sensorimotor behaviour. For reasons that 
will become more apparent in the section to follow, most research in this area has been 
biased towards the study of individuals with right arm preference and, thus, it will 
generally be beyond the scope of this review to discuss studies involving left-handed 
individuals. Briefly, however, it should be noted that individuals with a left-arm 
preference appear less lateralized and more variable than their right-handed counterparts, 
and are, therefore, not their simple genetic (McManus 1995) or behavioural inverse 
(Perelle and Ehrman 2005).  
1 
Right Arm Biases for Movement 
 While limb asymmetries in motor behaviour are evident to some extent in most 
animal species (Ward and Hopkins 1993; Vallortigara and Rogers 2005; Hopkins 2006), 
humans show a strong population level bias for using one arm versus the other. Based 
largely on self-report questionnaires, it has been estimated that 9 out of 10 individuals are 
right-handed such that the right arm is preferred over the left when carrying out tasks 
such as reaching for a target or manipulating an object (Oldfield 1971; Annett 1985; 
Gilbert and Wysocki 1992). Remarkably, this proportion of right-handed individuals 
appears stable across geographical locations/cultures (Hatta and Nakatsuka 1976; 
Marchant et al. 1995; Bryden et al. 1996; Ida and Bryden 1996) and has persisted over 
the course of time. With respect to this latter point, Coren and Porac (1977) showed a 
greater number of right versus left arm depictions of motor activity in various artworks 
spanning the past 5000 years. In addition, archaeological evidence has indicated that 
hominids, on earth some 1.5 to 2 million years ago, were likely right-handed with respect 
to weapon and stone tool use (Dart 1949; Semenov 1964; Toth 1985). 
 
The Genetic Basis of Right Arm Preference 
Despite the enduring nature of right arm preference, no consensus has been 
reached regarding its particular origin. One controversial point of view that been has 
advocated by several researchers suggests that right-handedness is a genetically fixed 
trait and, therefore, left-handedness represents a pathological or diseased state (Bakan et 
al. 1973; Coren 1996). Interestingly, this collateral hypothesis accounts for a number of 
correlational findings demonstrating a relationship between birth trauma and a higher 
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incidence of left-handedness (Colburne et al. 1993; Dellatolas et al. 1993; Coren 1996). 
In addition, there has long been thought to be an association between left arm preference 
and cognitive disorders such as schizophrenia (Green et al. 1989; Orr et al. 1999) and 
autism (Fein et al. 1984; Waterhouse and Fein 1984; Soper et al. 1986). 
In contrast to various fixed trait approaches to handedness, theories grounded in 
Mendelian genetics have represented a more promising means of explaining right arm 
preferences with the “right shift theory” of Annett (1972) being, perhaps, the foremost. 
This model postulates that one allele (RS+) leads to the development of both arm praxis 
and language abilities in the left cerebral hemisphere (i.e. controlling the right arm), and a 
second allele (RS-) allows for arm and language abilities to be randomly distributed in 
either hemisphere (Annett 1978; Annett 1998). However, this, and other related genetic 
models (e.g. McManus 1995), are often criticized for two seemingly fatal flaws. First, 
there has been no success to date in isolating the supposed gene or genes responsible for 
implementing a right arm preference (Geschwind and Miller 2001; Francks et al. 2002). 
Second, studies of monozygotic (identical) twins have found that only 75% of the paired 
offspring express the same arm preference, despite a 100% overlap in their genetic make 
up (Coren and Halpern 1991). While this latter phenomenon was recently accounted for 
in a random-recessive model of handedness and hair whorl direction by Klar (2003), a 
recent study by Jansen et al (2007) has refuted these results. Ultimately, until these issues 
can adequately be resolved the case for a genetic basis of handedness will no doubt 
remain highly debated. 
 
3 
Environmental Influences on Right Arm Preference 
 In lieu of a purely genetic explanation for right arm asymmetries in motor 
behaviour, the influence of environmental and socio-cultural factors on handedness has 
also been explored. One observation that has inspired a great deal of research in this area 
is the finding that a relatively higher percentage of right-handed individuals exists at the 
end of the age spectrum (Beukelaar and Kroonenberg 1986; Ellis et al. 1988; Dellatolas 
et al. 1991; Gilbert and Wysocki 1992). Based on this finding, it has been argued that 
natural left-handers are forced to adopt right-arm preference over the course of a lifetime 
in order to accommodate for living in a right-handed world, and/or to avoid the religious 
and social stigmas associated with “sinistrality” (Harris 1990; Coren 1993). While this 
notion has garnered anecdotal support from reports indicating that left-handed individuals 
are more prone to accidental death, and subsequently live, on average, 7 years fewer than 
their right-handed counterparts (Halpern and Coren 1988; Coren and Halpern 1991), a 
socio-cultural account for right arm preference is, by itself, unconvincing. Of particular 
concern is that even when environmental pressures are relatively harsh, and are present at 
an early age, arm preference is not easily changed (Porac et al. 1986). Indeed, Porac et al 
(1990) reported that attempts to change handedness most often fail entirely or result in 
skill performance that lags behind that of the originally preferred arm. 
 
An Enhanced Role for the Left Hemisphere in Movement Control 
 In light of the discovery by Broca (1861), and later Wernicki (1874), that the left 
hemisphere is specialized for various aspects of language, Liepmann (1908) was the first 
to suggest that asymmetries in motor behaviour might also be subserved by differences in 
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hemispheric processing. Specifically, it was thought that the hemisphere contralateral to 
the preferred arm (most often the left) played an enhanced role for both preferred and 
non-preferred arm movements. Liepmann (1920) later justified this view on the basis of 
observations made with respect to individuals having unilateral brain injury due to stoke. 
In this work, individuals with left, but not right, hemispheric damage were found to be 
unable to correctly perform the spatiotemporal aspects of skilled movement with either 
arm, a condition he termed “ideomotor apraxia”. Further, injury to the left hemisphere 
resulted in an inability to make precise, independent movements of both hands (i.e. “limb 
kinetic apraxia”), whereas only the contralateral left hand was affected when injury was 
to the right hemisphere. While these findings have garnered support on a number of 
subsequent occasions (Wyke 1971; Haaland et al. 1977; Haaland and Delaney 1981; 
Hanna-Pladdy et al. 2002), it should be noted that more recent reports suggest that both 
hemispheres make significant contributions to the control of goal-directed movement 
(Fisk and Goodale 1988; Haaland and Harrington 1989a; 1989b; 1994; Winstein and Pohl 
1995; Haaland et al. 2004). The results of these studies will be addressed in greater detail 
in a later section (see Open versus Closed Loop Model of Handedness). 
 Based largely on the notions put forth by Liepmann (1908; 1920), Derakhshan 
(2002; 2003; 2005) has published a series of commentaries advocating a “one-way 
callosal traffic” account of handedness. In this theory, movement plans are thought to be 
housed in the motor centers of the “major” (typically left) hemisphere, thus, allowing for 
direct execution of preferred arm movements, while trans-callosal communication is 
necessary for movement of the non-preferred arm. One strength of this theory lies in its 
compatibility with a number of clinical observations including the previously described 
5 
apraxias of Liepmann (1920), as well as reports of left arm apraxia following sectioning 
of the corpus callosum (Watson and Heilman 1983; Graff-Radford et al. 1987). Beyond 
this anecdotal evidence, however, empirical support for this theory remains limited. In 
particular, it is concerning that even the most commonly cited evidence favouring the 
central tenet of the theory, that of a left arm time lag during the performance of bilateral 
arm movements (Stucchi and Viviani 1993; Swinnen et al. 1996; Viviani et al. 1998), has 
been contradicted during studies of unilateral reaching, where non-preferred arm reaction 
time advantages have often been reported (Carson et al. 1990; 1995; Velay and Benoit-
Dubrocard 1999; Barthelemy and Boulinguez 2001; Boulinguez et al. 2001). 
 With the advent of various non-invasive brain mapping and cortical stimulation 
techniques, it is now possible to explore hemispheric differences in those individuals with 
normal brain function in vivo. Using functional magnetic resonance imaging (fMRI), for 
example, Kim and colleagues (1993) measured activation of the left and right motor 
cortices in response to finger/thumb opposition movements made by each hand. In this 
study, it was found that, similar to the previously described results for stoke patients, the 
left hemisphere of right-handers played an enhanced role in movement control. In this 
case, the right motor cortex was primarily active for movements of only the contralateral 
left hand, whereas left motor cortex activation was seen for movements of either hand. 
Transcranial magnetic stimulation (TMS) studies have also reported left hemisphere 
dominance for motor evoked potentials (MEPs) of the hand muscles. In these studies, 
TMS to the left hemisphere has been found to induce facilitation of MEPs in both the left 
and right hands, whereas right hemisphere stimulation elicits a response in only the 
contralateral left (Ziemann and Hallett 2001; Ghacibeh et al. 2007). 
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The particular function of left motor cortex activation during left arm movement 
in right-handed individuals remains uncertain. Contrary to the findings of Dassonville et 
al. (1997), who showed a correlation between ipsilateral activation and the strength of 
arm dominance, direct left hemispheric control of the left arm seems unlikely based on 
reports that only 10-15% of cortico-spinal projections remain uncrossed at the level of the 
medulla (Nyberg-Hansen and Rinvik 1963). Alternatively, it has been hypothesized that 
the left hemisphere might have some influence over the right hemisphere via the corpus 
callosum. In this case, it is thought that both hemispheres are active prior to movement 
initiation, at which point one hemisphere is inhibited by the other in order to execute a 
unilateral movement of the contralateral arm (Rossini et al. 1988; Britton et al. 1991). 
Based on this line of reasoning, it would seem that involvement of the left hemisphere 
during ipsilateral arm movements reflects a relative inability of the right hemisphere to 
inhibit the left (Chen et al. 1997). This notion is supported by TMS studies where paired-
pulse stimulation has demonstrated greater inhibition of the right hemisphere versus left 
hemisphere (Netz et al. 1995; Kobayashi et al. 2003).   
 
Anatomical Correlates of Handedness 
Given the asymmetries in hemispheric function described above, exploration into 
a potential anatomical substrate for handedness has been undertaken at both macroscopic 
and microscopic levels. One gross structural component that initially received particular 
attention in right-handers is the planum temporale (PT) located on the posterior portion of 
the temporal lobe. Based on postmortem studies, a more abrupt and anterior upward 
curving of the PT has been reported for the right hemisphere, subsequently resulting in a 
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longer and larger left PT (Geschwind and Levitsky 1968; Wada et al. 1975; Falzi et al. 
1982). Given that the PT coincides largely with the speech region of Wernicki (1874), it 
was originally speculated that this asymmetry reflected left hemispheric specialization for 
language (Galaburda et al. 1978; Geschwind and Galaburda 1985). However, this line of 
thinking has been called into question by Steinmetz and colleagues (1991) and Steinmetz 
(1996), who demonstrated a positive correlation between left PT volume and the degree 
(i.e. strength) of right, but not left, handedness.  
Impressions on the inner surface of the skull called “petalia” provide a negative of 
the brain’s surface topology revealing regional asymmetries in hemispheric shape and 
size. Although petalia in the right frontal and left occipital lobes are seen in nearly all 
individuals, they are most prominent in right-handers (Lemay and Kido 1978; Kertesz et 
al. 1986). This observation further corroborates evidence that gross morphology of the 
lobes is markedly different. Specifically, in most right-handed individuals, the occipital 
lobe is considerably wider in the left hemisphere, whereas the frontal lobe is wider in the 
right hemisphere (Galaburda et al. 1978). In addition, the left hemisphere has been found 
to protrude more often in the posterior direction, while an anterior protrusion is common 
for the right hemisphere (LeMay 1976). This arrangement, termed “Yakovlevian torque”, 
presents the illusion of brain rotation in the counter-clockwise direction. 
The motor cortex is perhaps the most well studied area of the brain with respect to 
hemispheric differences, due primarily to its many projections leading to the spinal motor 
neurons. In an initial study measuring the postmortem length of the precentral sulcus, an 
anatomical marker of motor cortex size, a greater left than right extent was reported 
(White et al. 1994). However, a subsequent report by this same group with an increased 
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number of observations found no asymmetry in precentral sulcal length between the two 
hemispheres (White et al. 1997). Not withstanding these results, Amunts et al (1996; 
2000) used magnetic resonance morphometry to measure precentral sulcal depth in the 
right and left hemisphere in vivo. This analysis revealed that the precentral sulci of the 
left hemisphere appear deeper compared to the right, and that this relatively macroscopic 
asymmetry is accompanied by a microscopic difference in neurophil volume (Amunts et 
al. 1996). This latter finding was interpreted as reflecting a greater percentage of fibrous 
processes, and more profuse horizontal connections, in the left hemisphere, providing a 
potential substrate for the representation of more complex, preferred arm movements 
(Hammond 2002). 
The threshold for eliciting a motor response in various intrinsic and extrinsic 
muscles of the preferred and non-preferred arm via TMS of the motor cortex has also 
been studied. In general, this work has shown that preferred arm musculature is activated 
at a lower threshold of contralateral brain stimulation (Cantello et al. 1991; Macdonell et 
al. 1991; Triggs et al. 1994), although later studies have failed to reveal arm differences 
(Cicinelli et al. 1997; Civardi et al. 2000). In addition, TMS has been used as a means of 
mapping the extent of various hand and arm representations in the motor cortex. One 
particularly influential study in this area was conducted by Triggs and colleagues (1999) 
who quantified the number of cortical sites eliciting a motor response in the abductor 
pollicis brevis and flexor carpi radialis muscles of the left and right hands. In this case, 
right-handed subjects had a larger cortical area in the left hemisphere devoted to the 
targeted muscles than that seen in the right hemisphere, a finding that is consistent with 
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comparable studies using magneto-encephalography (Volkmann et al. 1998) and fMRI 
(Dassonville et al. 1997; Krings et al. 1997) techniques. 
In association with these motor cortical asymmetries, left versus right side 
differences have been shown in the pattern of corticospinal fiber tract decussation. In an 
early study involving human neonates, for example, Flechsig (1876) noted a distinct 
asymmetry in the distribution of corticospinal projections at birth with the left medullary 
pyramid being larger, and showing greater decussation, than the right. Nearly a century 
later, this same asymmetric pattern of fiber decussation was also shown for more than 
70% of adult specimens tested postmortem  (Kertesz and Geschwind 1971), a finding that 
was recently corroborated by Nathan and colleagues (1990). Given that the crossed fibers 
from both pyramids largely innervate motor units corresponding to the hand in the spinal 
cord (Brinkman et al. 1970), and that use-dependent pruning of the coricospinal tract 
occurs early during development (Friel and Martin 2005; Friel et al. 2007; Martin et al. 
2007), an additional aim of these studies was to correlate the degree of decussation to 
subject handedness. However, due possibly to the small number of left-handed subjects 
available for study, no significant association between arm preference and corticospinal 
organization was found. 
  Arm differences appear to be also prevalent in the motor periphery. In a study 
assessing motor unit firing behaviour of the first dorsal interosseous muscle, Adam and 
colleagues (1998) found strong evidence of a preferred arm advantage for recruitment 
threshold, initial firing rate, average firing rate at target force and discharge variability. 
These results agree with those showing greater Hoffmann reflex responses for the 
preferred versus non-preferred arm (Tan 1989a; b), although no arm difference in this 
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measure of motoneuronal excitability were more recently reported (Aimonetti et al. 
1999). Further, evidence suggests that the synchronization of motor units within the 
extensor muscles of the preferred arm is greater during isometric contractions (Schmied 
et al. 1994) and that the tendon tap reflex responses of the preferred versus non-preferred 
arm are greater in magnitude (Aimonetti et al. 1999). To what extent these asymmetries 
reflect a shift in muscle fiber composition due to repetitive, low-intensity use of preferred 
versus non preferred arm is not yet clear. However, at least one study has demonstrated 
an increased percentage of slow twitch fibers in the extensor carpi radialis brevis muscle 
of the preferred wrist, an important muscle during the production and maintenance of grip 
postures (Fugl-Meyer et al. 1982). 
 
Arm Asymmetries in Motor Output 
In line with functional and anatomical differences, one of the most traditional 
approaches to the study of handedness has been the quantification of arm differences in 
the generation of motor output. A clear demonstration of this can be seen in the classic 
studies of Woodworth (1899) who assessed the ability of subjects to accurately draw 
lines of equivalent length with either the preferred or non-preferred arm. In this case, it 
was found that movements of the preferred right arm were substantially more accurate 
than those of the non-preferred left, and that this asymmetry was enhanced in conditions 
where subjects were forced to move at fast velocities. Combined with the observation that 
the presence or absence of visual feedback did not alter the observed arm differences, 
these results led Woodworth (1899) to conclude that “the seat of superiority of the right 
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hand is probably in the motor centers” (p.34) demonstrating his personal bias towards an 
efferent locus of upper limb asymmetries. 
Subsequent to Woodworth (1899), motor behavioural research has revealed 
numerous preferred arm advantages in the generation of motor output including increases 
in the strength, speed and consistency of movement. When comparing maximum grip 
forces in healthy subjects, for example, it has been well accepted that the preferred arm 
can produce forces that are approximately 10% larger than those of the non-preferred arm 
(Petersen et al. 1989; Crosby et al. 1994; Armstrong and Oldham 1999; Incel et al. 2002). 
In addition, finger tapping experiments have demonstrated preferred arm advantages in 
the speed and consistency of repetitive finger flexion and extension movements (Provins 
1956; Peters 1976; Peters and Durding 1979; Todor and Kyprie 1980; Todor et al. 1982). 
Indeed, a link between these behavioural findings and the force generating characteristics 
of the preferred versus non-preferred arm was made by Toder and Smiley-Oyen (1987), 
who directly measured the finger forces associated with tapping. In this case, a positive 
relationship between preferred arm tapping ability and the generation of mean force 
levels with decreased variability was found.    
Beyond studies of finger tapping, arm asymmetries in motor output have also 
been revealed though various targeted reaching experiments. In an influential study by 
Annett and colleagues (1979), the amount of time necessary to place pegs in relatively 
small holes was found to be significantly shorter for the preferred right arm of right-
handed individuals. Further, increased movement time for the non-preferred arm did not 
appear to be due to subjects making longer duration corrective movements but, rather, 
having to make more of them. In this case, it was argued that non-preferred arm motor 
12 
output was subject to increased variability and, thus, necessitated a greater number of 
corrective movements. This interpretation has been utilized on at least two subsequent 
occasions for results indicating a preferred arm advantage in the speed of reaching and 
pointing to a visual target (Roy and Elliott 1989; Carson et al. 1993). 
 
The Dynamic Dominance Hypothesis of Handedness 
Sainburg (2002) first proposed the dynamic dominance hypothesis of handedness 
based on fundamental differences in movement strategy that were observed between the 
preferred and non-preferred arms of right-handed individuals. Unlike other behavioural 
approaches to handedness research, where motor performance of the non-preferred arm 
was thought to be inferior for most aspects of movement, this hypothesis proposed that 
each arm is specialized for a different aspect of movement control. 
 
Preferred Arm Specialization for Trajectory Control 
Evidence of preferred arm specialization for the control of movement trajectory 
was initially revealed in a study comparing the coordination patterns employed by the 
preferred and non-preferred arms during targeted reaching (Sainburg and Kalakanis 
2000). In this work, it was demonstrated that movements made by the preferred right arm 
in right-handed subjects showed a distinctly different pattern of joint torques than those 
produced by the non-preferred arm. Specifically, when reaches were made to targets 
where the amount of elbow displacement was held constant (20 deg), but where the 
amount of shoulder excursion was systematically varied (5, 10 and 15 deg), significantly 
different coordination patterns emerged. For preferred arm reaching, straight-line hand 
13 
path trajectories were achieved through a more efficient inter-limb torque pattern, as 
movements of both the proximal and distal arm segments were controlled with forces 
generated primarily at the shoulder. In contrast, the hand paths produced by the non-
preferred arm had greater overall curvatures, which were associated with increased 
shoulder excursion due to a movement strategy that did not make efficient use of inter-
segmental interaction forces.  
The findings of Sainburg and Kalakanis (2000) were later expanded by Sainburg 
(2002) in the initial formalization of the dynamic-dominance hypothesis of handedness. 
In this study, subjects performed reaching to eight targets in a virtual environment that 
allowed for visual feedback regarding only target position and endpoint location of the 
index finger. This procedure was completed under two experimental conditions that 
attempted to determine the influence of visuomotor transformations versus novel inter-
segmental dynamics on arm performance. To assess visuomotor transformations, a 
visuomotor rotation task was utilized where subjects were required to adapt to a feedback 
display of finger position rotated 30 deg relative to the start position. On the other hand, 
novel inter-segmental dynamics were assessed using a mass adaptation paradigm where 
subjects had to adapt to an unseen 1 kg mass attached to the arm. In comparing these two 
tasks, clear differences were seen between visuomotor and mass adaptation, such that arm 
performance asymmetries were evident only during mass adaptation. This asymmetry 
mirrored that demonstrated by Sainburg and Kalakanis (2000) in that the preferred arm 
used significantly less muscle torque than the non-preferred arm. It was, therefore, 
concluded that “manual asymmetries arise, downstream in the motor control sequence to 
14 
visuomotor transformations, when the trajectory plan is transformed into dynamic 
properties” (Sainburg, 2002, p. 253). 
The extent of right arm dominance for trajectory control has been the focus of 
subsequent studies by Sainburg and colleagues (Bagesteiro and Sainburg 2002; Sainburg 
and Wang 2002; Wang and Sainburg 2003). For example, in a reaching task that varied 
with respect to the amount of inter-segmental torque necessary to obtain a target position, 
Bagesteiro and Sainburg (2002) showed more efficient torque strategies were utilized by 
the preferred arm/hemisphere system independent of arm kinematics. In addition, a series 
of studies Sainburg and Wang (2002) and Wang and Sainburg (2003; 2004b) have shown 
an asymmetric transfer of learning for visuomotor rotations. In these studies, opposite 
arm training of rotated visual feedback resulted in an enhanced ability of the preferred 
arm to specify the initial direction of targeted movement trajectory. Taken together, these 
results provide strong support for a preferred arm advantage in the specification and 
control of arm trajectory. 
 
Non-preferred Arm Specialization for Positional Control  
In light of the advantages ascribed to the preferred arm in the control of limb 
trajectory dynamics, a role for the non-preferred arm in the control of static posture has 
also been suggested. Support for this hypothesis was first provided by Bagesteiro and 
Sainburg (2003) in an assessment of inter-limb differences in load compensation. In this 
study, a virtual cursor representing endpoint location of the finger was moved to a target 
position of 20 deg elbow flexion. On random trials a 2 kg mass was attached to the 
subject’s forearm such that the subject had no knowledge of the added load. When faced 
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with this mass perturbation only the non-preferred arm was able to achieve a level of 
endpoint accuracy similar to that found in the non-loaded condition, while the preferred 
arm showed consistent overshooting of the target. Based on electromyographic and 
kinematic analyses, the non-preferred arm was found to compensate for the unknown 
load through changes in muscle activation occurring post peak tangential velocity. These 
observations were interpreted as reflecting a specialized role for the non-preferred arm in 
sensory feedback-mediated error correction. 
 Additional support for a non-preferred arm advantage in the control of static 
position comes from studies regarding the inter-limb transfer of movement strategy 
(Sainburg and Wang 2002; Wang and Sainburg 2003). In these studies, arm asymmetries 
were assessed in the transfer of movement-related information following adaptation to a 
visuomotor rotation. In this case, following training with the opposite arm, enhancement 
in endpoint accuracy compared to naïve performance was reported, but only for the non-
preferred arm. While this finding was not supported in a study involving visuomotor 
adaptation to single versus multiple targets (Wang and Sainburg 2004b), subsequent 
studies have found similar non-preferred arm advantages in the transfer of limb position 
information including tasks involving inertial dynamics (Wang and Sainburg 2004b) and 
load compensation (Bagesteiro and Sainburg 2003). 
 
Open Versus Closed Loop Model of Handedness 
In contrast to studies of individuals with unilateral brain injury indicating greater 
arm deficits for left versus right hemisphere damage (Liepmann 1908; 1920; Wyke 1971; 
Haaland et al. 1977; Haaland and Delaney 1981), studies by Haaland and Harrington 
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(1989a; 1989b; 1994), and Winstein and Pohl (1995) have supported the notion that each 
hemisphere may be specialized for different aspects of motor control. In these studies, 
comparisons were made between the visually-guided reaching movements of healthy 
individuals and those of individuals with right or left hemispheric damage. Overall, left 
hemisphere damage resulted in deficits in the early stages of movement most commonly 
associated with open loop (i.e. relatively feedback independent) control. These deficits 
included increased reaction times (Haaland and Harrington 1989b; 1994) and a slower 
initial movement component (Winstein and Pohl 1995). Alternatively, individuals with 
damage to the right hemisphere showed poorer closed loop (i.e. feedback dependent) 
control, as would be necessary for accurately achieving a final target position (Haaland 
and Harrington 1989b; Winstein and Pohl 1995).  
Although this open versus closed loop hypothesis of hemispheric specialization 
for movement was founded on the basis of clinical observations, the results of Sainburg 
and Schaefer (2004) suggest this framework may also be applicable to studies of healthy 
individuals. In this study, the acceleratory characteristics associated with single joint 
reaching to targets of increasing amplitude showed that preferred arm movements were 
accomplished by peak acceleration scaling (i.e. pulse height control), a phenomenon 
associated with open loop or planning mechanisms. In contrast, reaches made by the non-
preferred left arm were found to scale peak velocity duration (i.e. pulse width), which is 
thought to reflect more closed loop or feedback mediated processes. Interestingly, while 
these results favour an interpretation based on arm/hemisphere differences in open versus 
closed loop control mechanisms, the authors argued that they are also consistent with the 
dynamic dominance hypothesis of handedness. In line with this assertion, the results of  
17 
Haaland et al. (2004) also suggested that previous studies of arm reaching in individuals 
with unilateral brain damage may be best described in terms of the dynamic dominance 
theory. This conclusion was based on the finding that right hemisphere damage failed to 
produce deficits during the corrective phase of movement when visual target feedback 
was available throughout reaching. This finding highlights the relative importance of 
sensory information during the planning and execution of goal-directed movement, a 
topic that will be addressed in the following section. 
 
Asymmetries in the Utilization of Movement-related Sensory Feedback 
 There has been increasing interest over the past several decades in the role that 
sensory feedback might play in determining arm performance asymmetries. Perhaps the 
most influential study in this area was conducted by Flowers (1975) who assessed arm 
performance during a “ballistic” (i.e. relatively feedback independent) tapping task, and a 
more “corrective” (i.e. relatively feedback dependent) visual aiming task. In the tapping 
task, subjects were asked to tap the preferred or non-preferred finger as fast as possible 
without aiming the movement to hit a particular point. In this case, little control of the 
position or force of each tap was required. In contrast, during the visual aiming task, a 
Fitts paradigm (Fitts 1954) was used where subjects made fast and accurate reaching 
movements between two targets that varied in width and movement amplitude. Overall, it 
was found that the preferred arm performed significantly greater than the non-preferred 
arm but, only in the aiming task. This led Flowers (1975) to conclude “that the essential 
dexterity difference between the preferred and non-preferred hands is in the sensory or 
feedback control of movement” (p. 39).  
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Following on the work of Flowers (1975), sensory feedback-based advantages for 
the preferred arm/hemisphere system were suggested on several other occasions based 
primarily on the observation that arm differences in reaching accuracy are most apparent 
during the latter stages of movement when sensory feedback is thought to be of particular 
importance. While an early description of this phenomenon was provided by Woodworth 
(1899), Todor and Cisernos (1985) were the first to quantify arm differences during the 
corrective phase of movement by having right-handed subjects perform fast and accurate 
reaching using an accelerometer-mounted stylus. Based on the results of this study, it was 
shown that longer movement durations seen for the non-preferred arm when obtaining 
relatively small visual targets were associated with greater time spent “homing in” the 
target during the deceleratory phase of movement. Taken together with ensuing studies 
reporting a similar preferred arm advantage in the amount of time spent the post peak 
velocity phase of movement (Roy et al. 1994; Elliott et al. 1995; Boulinguez et al. 2001; 
Mieschke et al. 2001), it seems reasonable to conclude that the preferred arm is more 
efficient in using online feedback to correct movement trajectory. 
While the above, generalized feedback account of arm performance asymmetry 
represents a significant shift in thinking from classical, motor-based explanations of 
handedness, it is limited by its inability to address how specific modalities of sensory 
feedback might influence movement. In general, vision and proprioception are thought to 
be the most important sources of sensory feedback during the performance of voluntary 
movement. Vision, for example, provides an external frame of reference for movement 
including information regarding objects size, orientation and three dimensional position 
(Jeannerod et al. 1998; Goodale et al. 2004). Alternatively, proprioceptive information 
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from skin, muscle and joint receptors plays an important role in the control of interaction 
torques (Sainburg et al. 1993; 1995), limb segment timing (Cordo et al. 1994; 1995b) and 
the acquisition of internal models of skilled movement (Kawato and Wolpert 1998; 
Kawato 1999). The extent to which these primary sources of movement-related sensory 
feedback are, therefore, lateralized to the preferred versus non-preferred arm is the focus 
of the following section. 
 
Arm Asymmetries in Visual Feedback Processing for Movement 
In two related studies by Honda (1982; 1984), an initial indication that visual 
information might have a differential influence on movements of the preferred versus 
non-preferred arms was provided. In these studies, eye and arm displacements were 
recorded during a bilateral reaching task where coupled arm movements were made to 
symmetrical visual targets. Based on this paradigm, it was found that subjects spent a 
greater amount of time visually monitoring the preferred arm and that this behaviour was 
related to increased target accuracy. Further, in a condition where subjects were required 
to only monitor the movements of only one arm versus the other, it was shown that the 
preferred arm was more affected by a lack of visual feedback. Taken together, these 
results support the notion that the preferred arm is more reliant on the use of visual 
information during the production of targeted movements.  
In light of the findings of Honda (1982; 1984), several experiments have been 
conducted in which the amount of visual information available to subjects was altered 
during targeted reaching. In the first of two studies, Roy and Elliott (1986) asked subjects 
to reach to visual targets with the preferred or non-preferred arm under “full vision” or 
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“no vision” conditions. In the full vision condition, the lights in the testing room were on 
throughout the reaching task, whereas in the no vision condition the lights were turned 
off at the time of movement initiation. Although the no vision condition had a profound 
effect on the subjects’ overall movement accuracy, the results of this study showed a 
similar right arm advantage regardless of visual feedback availability. In contrast to this 
result, however, Roy and Elliott (1989) showed enhanced right arm accuracy in a third 
light availability condition where the lights were turned off 10 s prior to movement. This 
subsequent finding is in agreement with the findings of Honda (1982; 1984) and suggests 
that the preferred arm is more reliant on visual feedback during reaching.  
Perhaps a more appropriate means of determining arm asymmetries in the 
utilization of movement-related visual feedback is the manipulation of visual target size. 
In this case, when targets are relatively small, and movement speed is emphasized, it has 
been reported on numerous occasions that movements of the preferred arm both faster 
and more accurate than those of the non-preferred (Woodworth 1899; Flowers 1975; 
Todor and Doane 1978; Todor and Cisneros 1985; Carson et al. 1993; Roy et al. 1994; 
Elliott et al. 1995; Mieschke et al. 2001). One clear example of this was provided in a 
study by Todor and Doane (1978) using a Fitts tapping paradigm. In this study, target 
width and movement amplitude were altered in such a way as to preserve task difficulty 
(i.e. the index of difficulty was held constant) while allowing the manipulation of visual 
feedback constraints (i.e. target size). Indeed, the results of this study showed that arm 
asymmetries were related to the visual demands of the task, as an increasing preferred 
arm advantage was seen with decreasing target size, but not with increases in target 
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amplitude. It was, therefore, concluded that visual feedback is of greater importance to 
the control of preferred arm reaching movements. 
 
Arm Asymmetries in Proprioceptive Feedback Processing for Movement 
The term proprioception was originally coined by Sherrington (1906) to describe 
a group of sensations related to one’s own movement. It is now well accepted that 
proprioceptive feedback from muscle spindles (Goodwin et al. 1972a; Goodwin et al. 
1972b; McCloskey 1978; Burgess et al. 1982), joint receptors (Skoglund 1956) and 
cutaneous mechanoreceptors (Lynn 1975; Edin and Abbs 1991) provides detailed 
information about the position and velocity of body segments, while Golgi tendon organs 
are a primary sources of feedback regarding tension within the muscles (Houk and 
Henneman 1967; Jami 1992). Despite these observations, however, the role of 
proprioceptive information in determining arm performance asymmetries has been 
largely underappreciated. Specifically, most studies have focused solely on preferred 
right arm proprioceptive acuity (Paillard and Brouchon 1968; 1974; Rothwell et al. 1982; 
Darling 1991; Adamovich et al. 1998; Baud-Bovy and Viviani 1998; Adamovich et al. 
1999; Lonn et al. 2000; 2001). 
Whereas studies assessing the role of visual information on targeted movement 
have largely found asymmetries favouring the preferred arm, the preponderance of 
evidence to date suggests a non-preferred arm advantage in the ability to utilize feedback 
that is proprioceptive in nature. The first evidence in support of this notion was provided 
by Roy and MacKenzie (1978) who examined arm differences in the ability to match 
thumb and multi-joint arm positions in the absence of vision. While in this study no 
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asymmetries in multi-joint arm position matching were found, a non-preferred left thumb 
accuracy advantage was seen. Based on these preliminary results, Colley (1984) and 
Riolo-Quinn (1991) also reported greater accuracy for proprioceptively-guided matches 
made by non-preferred thumb and Kurian and colleagues (1989) demonstrated non-
preferred arm dominance for accurately reproducing elbow angles. Although Chapman et 
al. (2001), and Carson et al. (1990), did not show arm differences in an assessment of 
multi-joint position matches made in two and three dimensional space, recent studies by 
Goble et al. (2005; 2006), and Goble and Brown (2007), have also shown greater non-
preferred arm matching accuracy during a task requiring memory and interhemispheric 
transfer of proprioceptive target positions. 
In the Goble and Brown (2007) study the extent to which task difficulty might 
explain the somewhat equivocal results outlined above was explored by utilizing a variety 
of matching tasks that varied with respect to proprioceptive processing demands. In the 
first task, ipsilateral remembered matching, a similar method to that previously employed 
was used where subjects performed memory-based matching of previously experienced 
elbow positions with the same arm. In contrast, the contralateral concurrent matching task 
eliminated the need for memory, as the target arm remained in the target position while 
subjects performed matching with the opposite arm. In this case, interhemispheric 
transfer was necessary in order to accurately achieve the target position. Lastly, in the 
contralateral remembered condition, the demands of the first two tasks were combined as 
subjects were asked to perform memory-based matching of a previously experienced arm 
position with the contralateral arm. Interestingly, it was in this most difficult condition 
requiring both memory and interhemispheric transfer of proprioceptive target information 
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where the greatest non-preferred arm advantage was found. This result emphasized the 
need to maximize proprioceptive feedback processing demands when attempting to elicit 
arm asymmetries.  
Further support for a non-preferred arm advantage in the utilization of 
proprioceptive feedback comes from recent neuro-imaging studies where greater right 
hemisphere (i.e. non-preferred left arm) activation has been shown in association with 
tasks requiring enhanced proprioceptive feedback processing. For example, in a study of 
right-handed volunteers, Butler et al. (2004) used positron emission tomography to assess 
the neural correlates related to memory-based reaches made to targets that were either 
visual or proprioceptive in nature. Despite the fact that all matching movements in this 
study were made with the preferred right arm, it was found that proprioceptively-guided 
movements had increased activation in the temporo-parietal area of the ipsilateral right 
hemisphere. Similarly, a study Naito et al. (2005) explored hemispheric differences in the 
perception of movement illusions. In this study, greater right hemisphere activation was 
seen in a task where vibration of the hand extensor muscles was used to produce the 
illusion of wrist flexion. 
While measures of end-point accuracy are common in assessments of position 
matching performance, the kinematics of the matching movements themselves are rarely 
quantified despite their potential value in determining arm differences in movement 
strategy (Brown and Cooke 1990; Cooke and Brown 1994). Goble and colleagues (2005; 
2006) and Goble and Brown (2007) provided evidence that proprioceptively-guided 
matching movements are substantially different from those typically associated with well 
learned visually-guided movements. In particular, velocity profiles were asymmetric and 
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multi-peaked, in contrast to the well known bell shaped velocity profiles associated with 
visually-guided movement (Brown and Cooke 1981a; Soechting and Lacquaniti 1981; 
Flash and Hogan 1985; Brown and Cooke 1990). These results suggest a movement 
strategy that is highly dependent on proprioceptive feedback utilization during the 
movement in order to make multiple “online” corrections prior to achieving the desired 
arm position (Woodworth 1899; Lee et al. 1997; Novak et al. 2002). 
 
Summary 
 The goal of this chapter was to review relevant literature regarding asymmetries 
in neurophysiology and behavior of the upper limbs. It was shown that, for the majority 
of individuals, the right arm is preferred over the left when performing many activities of 
daily living, and that this arm bias likely reflects structural/anatomical differences in the 
neuromotor system. Despite right arm motor dominance, however, more recent theories 
in the area of motor control have purported that the two arm/hemisphere systems may, in 
turn, be specialized for different aspects of sensorimotor control (Serrien et al. 2006). In 
this case, the dynamic dominance theory and the open versus closed loop hypotheses of 
handedness have received particular attention, although there is now evidence to suggest 
that arm differences exist in the utilization of different sensory feedback sources such as 
vision and proprioception. With respect to this latter view the purpose of this dissertation 
will be to explore the relative contribution of sensory feedback to upper limb 





The overall aim of this dissertation was to further elucidate the role of sensory 
feedback in determining arm performance asymmetries. In the first experiment (Chapter 
2), arm differences in the utilization of visual versus proprioceptive feedback were 
explored by comparing preferred and non-preferred arm matching of targets that were 
proprioceptive versus visual in nature. In this case, both visual and proprioceptive target 
tasks shared a common motor output component allowing for an assessment of arm 
differences in the utilization of these sources of sensory feedback. It was hypothesized 
that the non-preferred arm would be more accurate for proprioceptive target matching, 
while the preferred arm would be more adept in matching visual targets. This “sensory 
modality specific” hypothesis of handedness provides a basis for greater understanding of 
arm function based on each arm’s reliance on a vision versus proprioception during the 
performance of goal-directed activities. For example, during many bimanual activities it 
is common for the preferred arm to manipulate or guide an object using visual feedback, 
while the non-preferred arm performs stabilization of the object without visual feedback, 
thus, relying primarily on proprioception. 
The goal of the second study (Chapter 3) was to assess arm differences in the 
ability to match movement dynamics on the basis of proprioceptive information. Previous 
studies of asymmetric proprioceptive feedback utilization have focused solely on static 
arm position matching with no attention paid to dynamic proprioception. In this study, 
blindfolded subjects experienced passive displacement of the preferred or non-preferred 
arm following a predetermined triangular velocity profile. Subjects then attempted to 
match this velocity profile through active arm movement in the absence of vision. Based 
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on previous matching studies showing non-preferred arm advantages in proprioceptively-
guided target position matching, it was hypothesized that the non-preferred arm would 
also show a greater ability to replicated target movement speeds. Alternatively, based on 
the dynamic dominance theory of handedness, a preferred arm advantage for velocity 
matching might have been expected due to its proposed advantage in the specification 
movement dynamics. 
Using a paradigm similar to that previously described by Cordo et al (1994; 
1995b), the third and final experiment (Chapter 4) quantified inter-arm differences in the 
ability to combine static and dynamic proprioceptive information. In this case, “dynamic 
position” matching was performed where subjects memorized a target position of the arm 
(i.e. static component) and then identified this position during subsequent movement of 
the arm through a range of motion including the target position (i.e. dynamic component). 
Given the relative demands of this task in terms of proprioceptive feedback processing, 
and recent findings suggesting greater involvement of the right hemisphere (i.e. non-
preferred left arm) during tasks that rely heavily on proprioceptive feedback (Butler et al. 
2004; Naito et al. 2005), it was hypothesized that the non-preferred arm would be more 












Upper Limb Asymmetries in the Accuracy of Proprioceptive  
Versus Visually-guided Target Matching 
 
Introduction 
Arm differences in upper limb motor behaviour, more commonly known as 
handedness, are evident in many activities of daily living where approximately nine out 
of ten individuals prefer using the right versus left arm (Coren and Porac 1977; Gilbert 
and Wysocki 1992). In this case, asymmetries in arm selection have traditionally been 
associated with an enhanced ability of the preferred right arm, and presumably the 
contralateral left cerebral hemisphere, to generate motor output. Indeed, well documented 
preferred arm performance advantages exist with respect to the peak speed (Woodworth 
1899; Annett et al. 1979; Todor and Cisneros 1985; Heath and Roy 2000; Boulinguez et 
al. 2001), strength (Provins 1967; Petersen et al. 1989; Brouwer et al. 2001; Farthing et 
al. 2005) and consistency (Peters 1976; Peters and Durding 1979; Todor and Kyprie 
1980; Elliott et al. 1999b) of voluntary movements. Based on these observations, it is 
perhaps not surprising that the preferred and non-preferred arms have been referred to as 
being “dominant” and “non-dominant” respectively. 
 Although the idea of motor dominance has persisted in the handedness literature 
for some time, recent evidence in the area of motor control has provided an alternative 
view of upper limb asymmetries. Specifically, it has been suggested that neither arm is 
entirely dominant compared to the other but, rather, the two arms are specialized for 
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different aspects of sensorimotor performance. On the basis of several studies assessing 
goal-directed reaching characteristics of individuals with left versus right hemisphere 
damage, Haaland and Harrington (1989a; 1989b; 1994), and Winstein and Pohl (1995), 
provided evidence in support of an open versus closed loop model of handedness. In 
these studies, subjects made ipsilesional arm movements towards visual targets in a fast 
and accurate manner. In general, it was found that individuals with damage to the left 
hemisphere were deficient in the early, open loop (i.e. feedback independent) portion of 
reaching, whereas right hemisphere impairment led to difficulties in the later, closed loop 
(i.e. feedback dependent) phase of movement. These findings remain limited, however, 
due to inconsistencies with other studies of reaching in individuals with unilateral brain 
injury (see Haaland and Harrington 1996 for review). In light of this limitation, therefore, 
Haaland et al (2004) reinterpreted many of these previous clinical findings in favour of 
another theory – the dynamic dominance hypothesis of handedness. 
 The dynamic dominance hypothesis of handedness, first proposed by Sainburg 
(2002), also supports the notion that the preferred and non-preferred arms are dominant 
for different aspects of sensorimotor performance. The basic tenets of this hypothesis are 
that the preferred arm/hemisphere system is specialized for the control of movement 
trajectory, whereas the non-preferred arm/hemisphere has an enhanced ability to obtain 
static arm positions or postures. With respect to the control of movement trajectory, 
preferred arm advantages during reaching tasks in a virtual environment have been 
demonstrated for both the production of efficient joint torques (Sainburg and Kalakanis 
2000; Bagesteiro and Sainburg 2002; Sainburg 2002) and the specification of initial 
movement direction (Sainburg and Wang 2002; Wang and Sainburg 2003; 2004b). In 
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contrast, the non-preferred arm has been found on several occasions (Sainburg and Wang 
2002; Bagesteiro and Sainburg 2003; Wang and Sainburg 2004a), but not all (Wang and 
Sainburg 2004b), to exhibit greater end-point accuracy. Perhaps the greatest strength of 
the dynamic dominance hypothesis lies in its ability to relate arm differences to the 
functional aspects of many two-handed activities of daily living. In this case, individuals 
often use the preferred arm to perform trajectory-dependent movements (e.g. swinging a 
hammer), while the non-preferred arm is used to stabilize objects (e.g. holding a nail) in a 
particular position using a particular posture. 
Beyond the open versus closed loop and dynamic dominance hypotheses, a third 
distinction between the preferred and non-preferred arms can be made on the basis of 
studies highlighting the role of two key sources of movement-related sensory feedback – 
vision and proprioception. Indeed, several studies have suggested that the preferred arm 
is more reliant on visual feedback during the control of movement, as might be necessary 
for interacting with objects in the external environment, whereas the non-preferred arm is 
enhanced for proprioceptive feedback processing in order to maintain postures and/or 
stabilize objects outside of visual attention. One of the first studies to assess asymmetries 
in sensory feedback utilization during movement was conducted by Flowers (1975), who 
compared two movement tasks that differed in sensory feedback processing demands. 
While no arm asymmetries were found in a relatively feedback independent (i.e. ballistic) 
finger tapping paradigm, the preferred arm of right-handed individuals was faster and 
more accurate for a sequential aiming task. Given that this latter type of task has been 
shown to rely heavily on visual information (Todor and Kyprie 1980), these results 
suggest an advantage of the preferred right arm for the utilization of visual feedback. In 
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support of this conclusion, arm differences have been demonstrated in the kinematics of 
visually-guided aiming where that deceleration duration, a period of time during which 
online corrections in movement trajectory based on visual feedback may occur (Carlton 
1981; Elliott et al. 1999a; Ma-Wyatt and McKee 2007), was longer for the non-preferred 
arm (Todor and Cisneros 1985; Roy et al. 1994; Elliott et al. 1995; Boulinguez et al. 
2001; Mieschke et al. 2001). Based on this observation, it was argued that the preferred 
arm/hemisphere is more effective in its ability to process visual feedback, allowing for 
fewer and faster corrective movements to be made by the subject. 
Honda (1982; 1984) provided further evidence in support of a preferred arm bias 
for utilizing visual feedback during bilateral reaching. Based on eye and arm movement 
recordings, these studies found that subjects spent a significantly longer amount of time 
monitoring movements of the preferred arm during reaching, and that when vision of one 
arm was eliminated, greater decrements in performance were seen for the preferred arm. 
In addition, unilateral reaching studies have indicated a significant relationship between 
visual target size and asymmetries in reaching performance. Specifically, when the visual 
demands of the task have been increased by reducing target size, a greater preferred arm 
advantage has been seen in terms of movement speed and/or target accuracy (Flowers 
1975; Todor and Doane 1978; Todor and Cisneros 1985; Carson et al. 1993; Roy et al. 
1994; Elliott et al. 1995; Mieschke et al. 2001). 
In contrast to studies indicating a preferred arm advantage in the control of 
visually-guided movement, studies of arm differences in the utilization of movement-
related proprioceptive feedback have, alternatively, reported asymmetries in favour of the 
non-preferred arm. Perhaps the earliest evidence of this phenomenon was reported by 
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Roy and MacKenzie (1978) who asked right-handed subjects to replicate previously 
experienced arm and thumb target positions in the absence of vision. While the results of 
this study showed no asymmetry in the accuracy of arm position matching, the non-
preferred thumb was found to be significantly more accurate than the preferred thumb. 
This non-preferred thumb advantage for proprioceptive matching was subsequently 
confirmed by both Colley (1984) and Riolo-Quinn (1991), although Nishizawa (1991) 
failed to show any thumb matching differences. 
More recently, studies by Goble et al (2005; 2006) and Goble and Brown (2007) 
have expanded on earlier studies of proprioceptively-guided matching by comparing 
three types of elbow matching tasks. These tasks were utilized in order to manipulate the 
difficulty of position matching and, thus, increased the need for proprioceptive feedback 
processing. In particular, during the ipsilateral remembered task subjects performed 
matching of a previously specified the target elbow angle with the same arm. The major 
demands of this task were the storage and retrieval of proprioceptive information from 
memory. In the second task, termed contralateral concurrent matching, the need for 
proprioceptive memory was eliminated by allowing subjects to match an elbow angle 
held at the target position with the contralateral arm. In this case, however, the task 
required interhemispheric transfer in order to perform accurate matching. Lastly, in the 
contralateral remembered task, both memory and interhemispheric transfer demands were 
combined as subjects were asked to match a previously-determined elbow angle with the 
contralateral arm. Importantly, it was in this most difficult task condition where the 
greatest asymmetries in matching accuracy were evident, with the accuracy of non-
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preferred arm matching being on average twice as great compared to matches made by 
the preferred arm. 
 Although the above findings are intriguing, it is important to note that a formal 
examination of upper limb sensorimotor asymmetries due to the differential use of visual 
versus proprioceptive feedback has not yet been conducted. The purpose of the present 
study, therefore, was to test this sensory modality specific theory of handedness. In this 
case, subjects in this study were asked to complete two memory-based target matching 
tasks where either visual or proprioceptive targets were matched using the preferred or 
non-preferred arm. Based on the previous literature, it was hypothesized that each arm 
would exhibit a different form of “sensory handedness”, with the accuracy of preferred 
arm matching enhanced during the visually-guided task, and with non-preferred arm 
accuracy increased with respect to proprioceptively-guided matching. Overall, this new 
approach to determining arm asymmetries represents a potentially powerful means of 





Thirteen healthy, young adults (mean age 20.1 ± 1.5 years; 6 males, 7 females) 
participated in the study. The total number of subjects was determined based on a power 
analysis using data from previous position matching studies conducted in this laboratory 
(Goble et al. 2006; Goble and Brown 2007). At the time of testing all subjects were free 
of upper limb neuromuscular impairment, had normal or corrected to normal vision and 
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showed strong right arm preference as evidenced by scores of +100 on a modified version 
of the Edinburgh Handedness Inventory (Oldfield 1971, see appendix). In addition, the 
preferred arm was also associated with significantly greater performance on several 
standard tests of motor ability including maximum grip strength obtained from a hand 
force dynamometer, the number of pegs placed per 60 s in a Purdue pegboard and the 
ability to maintain a 1 mm probe within a 2 mm hole for 10 s without touching the sides 
(i.e. hand steadiness). A summary of these performance characteristics is provided in 
Table 2.1 below. 
 
Task Preferred Arm Non-preferred Arm 
Max Grip Strength 
(N) 314.6 ± 24.2 290.1 ± 26.3 
Motor Dexterity 
(# of Pegs in 60 s) 31.8 ± 0.9 29.0 ± 0.7 
Hand Steadiness 
(# of probe touches) 8.3 ± 2.8 18.4 ± 5.0 
 







Subjects performed two memory-based matching tasks with similar motor output 
requirements (i.e. elbow extension of 15 or 30 deg), but that varied with respect to type of 
sensory feedback used to represent and/or achieve the target position. In the first task, 
proprioceptive matching (Fig 2.1 upper panel), subjects were blindfolded and seated with 
their forearms resting comfortably on two height-adjustable instrumented manipulanda 






















Fig 2.1 – Experimental setup for proprioceptive (upper panel) and visual (lower 




Each manipulandum consisted of a servomotor-driven horizontal metal support adjusted 
to the length of the subject’s forearm and mounted on a frictionless pivot beneath the 
elbow joint. Standardized starting positions for the shoulder (80 deg abduction, 15 deg 
flexion), elbow (75 deg extension) and wrist (neutral) were maintained across subjects. In 
addition, the effects of altered head position were minimized by means of a steel chin rest 
and support frame surrounding the lateral aspects of the head. 
For the second task, visual target matching (Fig 2.1 lower panel), the same set-up 
was implemented as outlined above, with the exception that subjects were not blindfolded 
and a back projection system was used to present visual targets. This system consisted of 
a flat, translucent screen suspended directly in the front of the subject upon which small 
(1 cm diameter) circular targets were projected from behind the screen. The screen was 
sufficiently large so as to limit the use of visual background information during matching 
(Krigolson and Heath 2004; Lemay et al. 2004). The position of the targets and fixation 
point were software adjusted to be along the sightline of a laser pointer fixed to the distal 
end of the manipulandum just below eye level. 
 
Experimental Procedures 
Subjects performed the two matching tasks (proprioceptive versus visual target 
matching) in a sequential fashion with approximately half (n = 7) of the subject pool 
starting with the proprioceptive task, while the remaining subjects (n = 6) began with 
visual target matching. Prior to data collection for each task, subjects were given a full 
description of the experimental procedures and as many practice trials as necessary to 
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ensure full understanding of the instructions provided. On average, each task lasted half 
an hour with a 10 min rest break provided in between tasks. 
 
Proprioceptive Target Matching Task 
In this task, subjects performed matching of a previously-determined static arm 
position in the absence of vision. In this case, each trial consisted of two components – 
target determination and target matching. In the target determination phase, the preferred 
or non-preferred forearm was passively displaced by the torque motor system at a 
constant velocity of 15 deg/s to a predetermined elbow angle (15 or 30 deg of elbow 
extension from start position). The subject was then given 3 s to memorize the target 
position based on static proprioceptive feedback. It was assumed that feedback was first 
presented to the contralateral hemisphere based on the anatomical arrangement of the 
ascending proprioceptive fiber tracts. Lastly, the forearm was displaced back to the start 
position by the motor at a constant speed of 15 deg/s.  
Following a 2 s delay, the target matching phase was initiated where subjects 
responded to an auditory tone by actively extending the elbow at a self-selected pace to 
the memorized target position. This was done with either the same forearm as that used to 
determine the target (ipsilateral remembered condition), or with the opposite forearm in a 
mirror symmetric fashion (contralateral remembered condition). The demands associated 
with the ipsilateral remembered condition were, thus, largely comprised of the storage, 
and retrieval of proprioceptive target information, whereas the contralateral remembered 
condition required both memory and interhemispheric transfer of proprioceptive target 
information. Upon completing the target matching phase, subjects held their forearm 
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steady for a minimum of 2 s prior to the forearm being passively returned to the start 
position in preparation for the next trial. 
 
Visual Target Matching Task 
Similar to the proprioceptive target matching task, the visual target matching task 
was also comprised of two phases. In the target determination phase, subjects focused on 
a fixation point that appeared in the center of the screen directly to the front of them. This 
point remained on the screen for 3 to 5 s and then disappeared in accordance with the 
presentation of a visual target displayed for 75 ms to the right or left of the fixation point. 
Since subjects did not have time to foveate the target, this method was used to channel 
visual information to either the left or right hemisphere (for reviews of this technique see 
Hellige 1983; Efron 1990). Specifically, targets presented in the left hemifield were 
initially “seen” by the right hemisphere, while right hemifield target information was first 
available to the left hemisphere.  
In the next phase of the task, target matching, subjects responded to an auditory 
tone by directing the endpoint of the laser attached to the manipulandum toward the 
memorized target position on the screen. As was the case in the proprioceptive task, this 
targeted movement required 15 or 30 deg of elbow extension. Matching movements were 
made with either the forearm on the same side as the visual target (ipsilateral remembered 
condition) or to a mirror image of the target using the contralateral forearm (contralateral 
remembered condition). Once again, matching in the ipsilateral condition was thought to 
be less difficult than that in the contralateral condition, as the former required primarily 
memory, while the latter involved both memory and interhemispheric transfer of visual 
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target information. Subjects moved at self-selected speed with an emphasis on directing 
the pointer to the center of the visual target presented. 
 
Data Collection and Analysis 
In both proprioceptive and visual matching conditions, 5 trials were collected for 
each combination of task (ipsilateral remembered versus contralateral remembered), arm 
(preferred versus non-preferred) and target amplitude (15 versus 30) in a random block 
design. Elbow joint rotations were recorded by a laptop computer as the voltage output of 
precision potentiometers mounted beneath the pivot points of the manipulanda. The 
analog signal was then digitized at 100 Hz, filtered (4th order Butterworth, zero phase lag, 
8 Hz) and multiplied by a displacement calibration coefficient prior to data analysis. The 
following dependent measures were obtained from the data: 
 
1. Absolute Error – The absolute value of the difference between the end target and 
matching movement positions was used to assess the overall ability to match 
target position. Target and matching positions were determined by differentiating 
the displacement signals into velocity and then using a threshold detection 
algorithm of +/- 2 SD from the baseline (zero) signal.   
2. Constant Error – The signed difference between the target and matching positions 
was used as an estimate of matching bias in terms of target undershooting versus 
overshooting. Target and matching positions were determined as described for 
absolute error. 
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3. Variable Error – The standard deviation of errors across a series of trials was 
used as measure of matching movement variability. 
4. Peak Movement Velocity – The self-selected maximum speed of movement, as 
determined by the highest value in the differentiated position (i.e. velocity) signal 
associated with the target matching phase. 
5. Percent time to Peak Velocity – The symmetry of velocity profiles during target 
matching was assessed as the time to maximum peak velocity from movement 
onset, determined as above, divided by total movement time. Total movement 
time was calculated using a threshold detection algorithm indicating the point in 
time where velocity deviated beyond +/- 2 SD from baseline. 
6. Average Movement Smoothness – Relative matching movement smoothness was 
based on the following jerk score calculation: 
Jerk Score = sqrt(1/2 · ∫j2(t) dt · d5/a2) 
where j is the third derivative of position (i.e. jerk), d is the movement duration, 
and a is the movement amplitude (Ketcham et al. 2002; Seidler et al. 2002). 
 
Statistical Analyses 
  For each of the visual and proprioceptive target matching conditions, mean 
measures of accuracy (absolute, variable and constant error) and movement kinematics 
(peak velocity; percent time to peak velocity and movement smoothness) were subjected 
to repeated measures analyses of variance. Where significant main effects and/or 
interactions were found, data were subsequently collapsed across non-significant factors 
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and tested post-hoc for simple effects using Tukey’s honestly significant differences test. 





 The absolute accuracy of proprioceptive and visual target matching is shown in 
Fig 2.2 for the preferred and non-preferred arms in each matching task (ipsilateral 
remembered versus contralateral remembered) and amplitude (15 deg versus 30 deg) 
condition. With respect to proprioceptive target matching, absolute errors were smaller 
across all task and amplitude conditions when matching was performed by the non-
preferred versus preferred arm (F1,12=13.6; p<.01). This asymmetry, although significant 
when 15 and 30 deg data were combined in the ipsilateral remembered task (Tukey’s 
method), was most apparent during contralateral remembered matching where both 
memory and interhemispheric transfer of target information were required (Tukey’s 
method). Indeed, preferred arm errors in this condition were approximately twice as large 
as those seen for the non-preferred arm, due largely to an increase in preferred arm error 
when matches were made in the ipsilateral remembered versus contralateral remembered 
task condition (Tukey’s method). No significant differences in absolute error were seen 
as a function of target amplitude. 
In contrast to proprioceptive matching, subjects were significantly more accurate 
in terms of absolute error when matching visually-determined targets with the preferred 
arm (F1,12=13.3; p<.01). The magnitude of this arm asymmetry, however, was similar  
 
  










Fig 2.3 – Individual subject arm comparison of mean absolute error generated in the visual and proprioceptive matching conditions. 







across task and amplitude conditions despite significant increases in absolute error for 
matches made by either arm during the more difficult contralateral remembered task 
(F1,12=18.0; p<.001) and when matching the 30 deg compared to 15 deg target amplitude 
(F1,12=24.4; p<.001). Although not statistically significant, the magnitude of absolute 
errors in the visual task were on average greater in the contralateral remembered, as 
opposed to ipsilateral remembered condition. 
The extent to which the group asymmetries in matching performance described 
above were also evident at the individual subject level is demonstrated in Fig 2.3. In this 
figure, average preferred and non-preferred arm errors within a particular task and target 
amplitude condition were cross-plotted and a line of symmetry drawn along the diagonal. 
In the ipsilateral remembered task, 73% of arm comparisons for proprioceptive target 
matching fell below the line of symmetry, reflecting poorer matching performance (i.e. 
greater errors) by the preferred arm. In contrast, when the two arms were compared in the 
visual target matching task, the same percentage of comparisons (i.e. 73%) were located 
above the line of symmetry indicating larger errors for the non-preferred arm. Indeed, 
these trends for proprioceptive and visual target matching were even more pronounced in 
the contralateral remembered task. In this case, 85% of subjects showed poorer matching 
of proprioceptive targets with the preferred arm, while 77% were less effective matching 
visual targets with the non-preferred arm. 
 
Variable Errors 
The consistency of subject matching, as determined by variable error, is shown in 












were significantly smaller across all conditions for matches made by the non-preferred 
arm compared to the preferred arm (F1,12= 48.7; p<0.001). However, this arm asymmetry 
was not influenced by the type of matching task, as similar magnitude arm differences 
were seen in the both ipsilateral remembered and contralateral remembered conditions. 
While variable errors were greater for 30 versus 15 deg target matching when data were 
collapsed across all arm and task conditions (F1,12= 5.3; p<.05), post hoc comparisons of 
this effect revealed a significant difference for only the preferred arm during ipsilateral 
remembered matching (Tukey’s method). 
In the visual target matching task, the pattern of variable errors was different than 
that observed during proprioceptively-guided matching. Overall, preferred arm variable 
errors were significantly smaller than those seen for the non-preferred arm (F1,12; p<.05), 
however, this effect was mediated by target amplitude. In this case, a significant decrease 
in variable error was seen for the preferred arm during 15 deg target matching compared 
to the non-preferred arm, which led to greater preferred arm matching performance in 
only this condition (Tukey’s method). These results were consistent for both ipsilateral 
remembered and contralateral remembered tasks. 
 
Constant Errors 
Constant errors in the direction of target matching are provided in Fig 2.5 where 
positive errors represent target overshooting and negative errors indicate undershooting. 
In the proprioceptive task, where subjects’ responses were largely biased towards 
overshooting, arm asymmetries were only seen in the contralateral remembered condition 












overshooting compared to the non-preferred arm (Tukey’s method), and compared to 
either arm in the ipsilateral remembered task condition (Tukey’s method). While no 
effect of target amplitude on constant errors was found across conditions for the 
proprioceptive task, there was a non-significant trend towards greater overshooting in the 
15 deg condition of the contralateral remembered task. 
In contrast to the results for proprioceptively-guided target matching, subjects 
exhibited target undershooting in the visual task. During ipsilateral remembered 
matching, the degree of target undershooting was, on average, 1 deg for both the 
preferred and non-preferred arms. While the preferred arm maintained this level of 
undershooting for the contralateral remembered task, non-preferred arm errors were 
dependent on the target amplitude (F1,12=13.7; p<.01). In this case, matching the 15 deg 
target amplitude showed essentially no directional bias, whereas 30 deg target matching 
was characterized by undershooting of approximately 3 deg. 
 
Movement Kinematics 
Ensemble averaged velocity profiles from a representative subject during 
proprioceptive and visual target matching are presented in Fig 2.6 for each experimental 
condition. Further, group data quantifying various features of the matching movements is 
provided in Fig 2.7-2.9. Overall, few differences were found with respect to movement 
strategy regardless of whether subjects were matching proprioceptive or visual targets. In 
all cases, peak movement velocity scaled with target amplitude. Specifically, as can be 
seen in both Fig 2.6 and 2.7, proprioceptive (F1,12=37.6, p<.001) and visual (F1,12=26.5;  
p<.001) target matches exhibited higher maximum speed in the 30 deg versus 15 deg 
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Proprioceptive Target Matching           Visual Target Matching 
    
 
Ipsilateral Remembered – Preferred Arm 
    
Ipsilateral Remembered – Non-preferred Arm 
    
Contralateral Remembered – Preferred Arm 







Contralateral Remembered – Non-Preferred Arm 
 
Fig 2.6 – Ensemble averaged velocity profiles during target matching for a representative 
subject in each experimental condition. 
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Proprioceptive Target Matching 
 
Visual Target Matching 
 
Fig 2.7 – Mean (+/- SEM) group differences in the peak velocity of matching movements 
made to proprioceptive (top panel) and visual (bottom panel) targets.
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Proprioceptive Target Matching 
 
Visual Target Matching 
 
Fig 2.8 – Mean (+/- SEM) group differences in the percent time to peak velocity of 
matching movements made to proprioceptive (top panel) and visual (bottom panel) 
targets. 
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Proprioceptive Target Matching 
 
Visual Target Matching 
 
Fig 2.9 – Mean (+/- SEM) group differences in the smoothness of matching movements 
made to proprioceptive (top panel) and visual (bottom panel) targets. 
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condition. This scaling effect was not influenced by the type of matching condition (i.e. 
ipsilateral versus contralateral remembered), despite an overall decrease in peak speed 
during contralateral remembered matching (F1,12=4.9; p<.05). 
 In contrast to the time-symmetric bell-shaped velocity profiles associated with 
well learned arm movements (Brown and Cooke 1981a; Soechting and Lacquaniti 1981; 
Flash and Hogan 1985; Brown and Cooke 1990), matching movements in the present 
study were time-asymmetric with time to peak velocity occurring earlier in the movement 
(Fig 2.6; 2.8). In the proprioceptive task, peak speed occurred approximately one third 
(33.9%) into the movement regardless of arm, task or target amplitude condition. The 
percent time to peak velocity in the visual target matching task was also on average 
approximately one third (31.0%) of the way into the movement regardless of matching 
condition. In the visual case, however, a small but significant increase in the percent time 
to peak velocity was seen for 30 deg target matches made with the preferred versus non-
preferred arm (F1,12=14.8; p<.01; Tukey’s method). 
Whereas the velocity profiles in this study were relatively smooth and stereotyped 
during the acceleratory phase, movement deceleration was far more irregular in nature 
with several secondary peaks in the velocity profile evident. Using normalized jerk score 
as a measure of movement smoothness (Fig 2.9), it was found that these irregularities 
were not significantly different between arms in either the visual or proprioceptive target 
matching task. When collapsed across matching arm and amplitude conditions, ipsilateral 
remembered matching was smoother than contralateral remembered matching, however, 
regardless of whether subjects were matching targets that were proprioceptive (F1,12=9.0; 
p<.05) or visual (F1,12=7.0; p<.05) in nature. 
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Discussion 
Upper limb asymmetries in motor behaviour have traditionally been viewed from 
the standpoint of preferred arm dominance for generating absolute motor output. More 
recently, however, the open versus closed loop and dynamic dominance hypotheses of 
handedness have suggested that the preferred and non-preferred arm/hemispheres are 
specialized for different aspects of sensorimotor performance. In line with this thinking, 
the aim of the present study was to elucidate arm asymmetries that may exist in the 
utilization of different types of sensory feedback. In this case, the preponderance of 
evidence showed that the preferred arm of right-handed individuals was more adept at 
obtaining visual targets, whereas the non-preferred arm was enhanced for matching 
targets on the basis of proprioception. These arm differences were mediated to some 
extent by the demands of the matching task, but were largely independent of arm 
differences in movement strategy. As such, a sensory modality-based hypothesis of 
handedness is proposed whereby the non-preferred and preferred arms differ on the bases 
of their relative reliance on proprioceptive versus visual information in the control of 
targeted arm movements. 
With respect to arm asymmetries in the utilization of proprioceptive feedback, 
mounting evidence from position matching studies indicates that the non-preferred left 
arm is more accurate when making targeted movements in the absence of vision. One of 
the first examples of this was provided by Roy and MacKenzie (1978) who found a non-
preferred left arm advantage for the matching of previously experienced thumb, but not 
arm, positions. Subsequent to this finding, a non-preferred thumb advantage was also 
shown in studies by Colley (1984) and Riolo-Quinn (1991), although Nishisawa (1991) 
54 
was unable to show any difference between preferred and non-preferred thumb matching. 
In addition, while no arm differences were found in the matching of proprioceptively-
determined endpoints in two and three dimensional space (Carson et al. 1990; Chapman 
et al. 2001), a recent study from this laboratory attempted to explain these equivocal 
results on the basis proprioceptive processing demands (Goble and Brown 2007). In this 
case, a greater non-preferred arm advantage was seen during a contralateral remembered 
task requiring memory and interhemispheric transfer of proprioceptive target information 
versus tasks where only memory (ipsilateral remembered) or interhemispheric transfer 
(contralateral concurrent) was required. 
Given the preferential role of the contralateral hemisphere in the control of arm 
movements, a non-preferred left arm advantage for proprioceptive target matching may 
reflect specialization of the right hemisphere for the processing proprioceptive feedback. 
Support for this hypothesis comes from two lines of research. First, studies of individuals 
with unilateral brain injury have shown that patients with right versus left frontal and/or 
medial temporal damage have a greater difficulty reproducing the extent of passively-
determined kinesthetic targets (Leonard and Milner 1991a; Leonard and Milner 1991b; 
Rains and Milner 1994). Specifically, large right hemisphere excisions affected subjects’ 
ability to monitor proprioceptive feedback during both the presentation of proprioceptive 
targets and the planning/execution of proprioceptively-guided matching movements. 
Further, support for hemispheric differences in the processing of proprioceptive feedback 
comes from studies of healthy adults using functional brain imaging techniques. In a 
study of goal-directed reaching, for example, Butler and colleagues (2004) compared 
activation of the left versus right hemisphere during both visual and proprioceptively-
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guided reaching to remembered targets. In the proprioceptive matching task it was found 
that subjects showed preferential activation of a subset of areas in the temporo-parietal 
cortex of the right hemisphere. In agreement with this finding, Naito et al. (2005) also 
found increased activation in a number of right hemisphere areas, including the primary 
somatosensory cortex, during the perception of movement illusions at the wrist. Taken 
together, these results provide strong support of greater right hemisphere involvement for 
the processing of movement-related proprioceptive feedback. 
While preferred arm accuracy advantages for visually-guided tasks have been 
described since the time of Woodworth (1899), it is only during the past three decades 
that attempts to describe the specific role of vision in determining handedness have been 
undertaken. Based, in part, on the work of Flowers (1975), preferred arm advantages for 
accurately obtaining visual targets of progressively smaller size have most often been 
attributed to arm differences in the ability to utilize visual feedback for making small 
corrective movements during the latter stage of reaching (Todor and Doane 1978; Todor 
and Kyprie 1980; Todor and Cisneros 1985; Carson et al. 1993; Roy et al. 1994; Elliott et 
al. 1995; Mieschke et al. 2001). Indeed, this asymmetry in visual feedback processing has 
also been inferred from the kinematics of visual-guided reaching movements where the 
amount of time spent post peak velocity, a period of time thought to rely heavily on the 
use of visual feedback to monitor and correct movement (Carlton 1981; Elliott et al. 
1999a), has been shown to be shorter for preferred arm movements (Todor and Cisneros 
1985; Roy et al. 1994; Elliott et al. 1995; Boulinguez et al. 2001; Mieschke et al. 2001). 
Interestingly, in the 30 deg visual target condition of the current study, a similar result 
was found where a greater proportion of time spent post peak velocity was seen for 
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movements of the non-preferred arm. However, given the overall magnitude of these arm 
differences, it remains unclear whether an advantage in visual feedback processing can, 
in fact, be inferred from this result.   
Although it is appealing to attribute the preferred right arm advantages for 
accurately obtaining visual targets to specialization of the contralateral left-hemisphere 
for visual feedback processing, evidence in support of this notion has, to date, been 
limited. One interesting observation that lends support to a left hemisphere advantage for 
the processing of visual information is the proportion of individuals who demonstrate 
right eye dominance. In this case, it has been shown that 65% of the population prefers 
the right eye for monocular tasks (Porac and Coren 1976; 1978), and that information 
from the nasal (i.e. crossed) fibers of this eye, leading to the left hemisphere, exhibit 
processing dominance over the temporal (i.e. uncrossed) fibers traversing to the right 
hemisphere (Hubel and Wiesel 1959; 1962; Crovitz 1964). In addition, beyond this 
somewhat anecdotal evidence, studies of visual acuity have also shown a left hemisphere 
advantage in terms of temporal resolution (see Okubo and Nicholls 2005 for review). In a 
study by Nicholls (1994), for example, the threshold for detecting fusion of two light 
flashes presented in quick succession was examined in a group of healthy, right handed 
adults. Based on this paradigm, it was found that subjects were, indeed, most accurate for 
stimuli presented in the right visual field (i.e. left hemisphere). Lastly, it is worthy of note 
that anatomical differences exist between the left and right visual cortices. Specifically, 
the left occipital lobe extends further anteriorly and is wider than the right, leading to a 
greater volume of neural substrate available to the left visual cortex (Galaburda et al. 
1978; Geschwind and Galaburda 1985). 
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In accordance with previous proprioceptive matching studies conducted by this 
laboratory (Goble et al. 2006; Goble and Brown 2007), asymmetries in absolute matching 
errors favouring the non-preferred arm were particularly pronounced in the contralateral 
remembered condition. Given that this task is largely dependent on the interhemispheric 
transfer of memorized proprioceptive feedback prior to making an accurate matching 
movement (Sperry et al. 1969; Fabri et al. 2001), it therefore seems logical to conclude 
that subjects more readily transferred this information from the left to right hemisphere. 
Support in favour of this directional bias with respect to the interhemispheric transfer of 
positional information has previously been provided in studies assessing the transfer of 
learning following opposite arm training in a visuomotor rotation task. Specifically, it has 
been shown that previous experience with the unseen preferred arm (i.e. left hemisphere) 
under rotated feedback conditions enhances the final position accuracy of the unseen non-
preferred arm (i.e. right hemisphere), and not vice versa (Sainburg and Wang 2002; 
Wang and Sainburg 2003). To what extent this effect may be workspace dependent 
(Wang and Sainburg 2006), however, remains unclear. 
Somewhat surprisingly, a comparable increase in matching asymmetry was not 
seen in the contralateral remembered condition of the visual target matching task. Rather, 
both arms showed increased errors in this more difficult condition, with the magnitude of 
the preferred arm advantage remaining relatively constant. This finding further contrasts 
those studies that have employed the method of Poffenberger (1912), where asymmetric 
transfer of visuomotor information has been shown favouring the right to left hemisphere 
direction (see Marzi et al. 1991 for review). In this case, however, Poffenberger-type 
studies only require subjects to make ballistic tapping movements in response to the 
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appearance of visual target. In the present study, a goal-directed reaching task was used 
where sensory feedback was of particular importance, and where the movements were 
made at a self-selected pace. 
On a number of occasions, errors in the present study were found to increase for 
movements made to the larger, 30 deg amplitude target position. This “distance effect” 
was recently explored in some detail by Lemay and Proteau (2001) in an examination of 
three hypotheses. First, in the motor output hypothesis, increases in error with target 
distance that might be due signal dependent noise (Schmidt et al. 1979; Harris and 
Wolpert 1998) were assessed by asking subjects to make slower reaching movements to 
the farther of two targets. In this case, however, despite a reduction in the motor output 
signal, reaches made to the far target remained less accurate than those to the close target. 
Next, the role of sensory acuity, such that more distant targets might be less accurately 
perceived by the visual system (Ma-Wyatt and McKee 2006), was assessed by comparing 
reaching errors to a more distant target when movements were made at either a slow or 
fast speed. It was found that, even though the target distance to the eye was constant for 
all movements, greater errors existed for slower movements. This result argued in favour 
of a third hypothesis of the distance effect, which is a movement duration account. In this 
case, it has been suggested that an increased length of time for completing a matching 
movement results in memory decay and/or interference with the encoding process. Since, 
in the present study, 30 deg movements were of also of longer duration, it is possible that 
the greater endpoint errors demonstrated in the 30 deg condition were, at least in part, due 
to a similar memory decay/encoding interference effect. 
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In the present study, the constant errors observed were biased in the direction of 
overshooting for proprioceptive targets and undershooting for visual targets. This result is 
comparable to that reported by Adamovich and colleagues (1998) who demonstrated a 
similar tendency for subjects to reach beyond proprioceptively-determined targets, while 
falling short of targets that were obtained under visual guidance. Although the neuro-
physiological basis for this pattern of errors remains unclear, Adamovich and colleagues 
(1998) suggested that these results likely reflect a modality specific difference in the 
representation of space. In this case, the perception of kinesthetic space was thought to be 
subject to a relative “stretching” along the lateral direction, whereas there may have been 
a comparable “contraction” in visual space. 
 While absolute errors in this study provided the clearest indication of subject’s 
overall ability to match the target position, it should be noted that this measure of 
performance is complex combination of variable and constant errors (Shultz and Roy 
1973). In this case, variable errors represent the consistency of matching performance, 
and have been associated with noise in the sensorimotor system, while constant errors are 
more reflective of the central representation of target position (McIntyre et al. 2000). 
Compared to absolute errors, variable errors in this study showed a similar pattern of arm 
differences related to the type of target feedback (i.e. vision versus proprioception) with 
enhanced non-preferred arm performance in the proprioceptive task, and greater preferred 
arm accuracy during15 deg visual target matching. In contrast, the constant error results 
in this study showed an asymmetry in only the contralateral remembered condition of the 
proprioceptive target task. These constant error findings might provide some insight into 
the modulation of proprioceptive gain in the preferred and non-preferred arms (personal 
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communication - B. Martin and D. Adamo). In particular, it is possible that enhanced 
non-preferred arm matching in the contralateral remembered condition was due, in part, 
to a more adequate representation of the target arm position by the preferred arm. Indeed, 
it has been shown that the central representation of hand/arm in the sensorimotor cortex is 
larger in the left hemisphere (i.e. preferred arm) of right handed individuals (White et al. 
1994; Amunts et al. 1996; Amunts et al. 2000). In addition, arm differences in h-reflex 
amplitude (i.e. gain) have shown greater responses for the preferred versus non-preferred 
arm (Tan 1989a; 1989b; Aimonetti et al. 1999). 
One limitation of this study was that during the visual target matching task 
proprioceptive feedback was available for use during the matching phase of each trial. It 
might, therefore, be argued that any asymmetry in matching performance might be due to 
a preferred arm advantage for the utilization of vision and/or proprioceptive feedback, 
rather than only vision itself. While the specific contribution of each source of feedback 
was not determined in the present study, previous research in this area would suggest that 
subjects were heavily reliant on visual feedback during both the target presentation and 
target matching phases of the visual task. In particular, visuo-proprioceptive mismatch 
paradigms have shown that the planning of movement direction (Lateiner and Sainburg 
2003; Sober and Sabes 2003; Bagesteiro et al. 2006) and movement extent (Sarlegna and 
Sainburg 2006) are highly dependent on visual information with weighting estimates as 
high as 90% for vision compared to only 10% for proprioception (Sober and Sabes 2005). 
This strategy is thought to represent an effective means of minimizing the number of 
transformations necessary between frames of reference allowing for the minimization of 
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metabolic costs due to greater neural computations and/or undue noise resulting from the 
coordinate transformations (Soechting and Flanders 1989b; 1989a). 
The matching movements made in this study were typical of those that have been 
reported for targeted movements made in the absence of speed constraints and where an 
emphasis on accuracy has been placed (Fisk and Goodale 1985; Milner and Ijaz 1990; 
Milner 1992; Goble et al. 2005; 2006). Specifically, velocity profiles consisted of a 
primary movement component, characterized by a gradual rise to peak velocity, and a 
prolonged deceleration phase with multiple sub-peaks post peak velocity (Soechting 
1984; Novak et al. 2002). In addition, peak velocity was found to scale with movement 
amplitude in both the ipsilateral remembered and contralateral remembered tasks, as has 
been shown to be an invariant characteristic of goal-directed reaching (e.g. Brown and 
Cooke 1981a; 1984; 1990; Gottlieb et al. 1990; Gottlieb 1998; Pfann et al. 1998). With 
respect to movement smoothness, greater irregularity in the velocity profile was seen 
during contralateral remembered matching in both the visual and proprioceptive target 
matching task. This finding likely reflects the greater need for subjects to make a greater 
number of feedback-based corrections in the online movement trajectory in order to 
achieve a more uncertain target end position (Milner and Ijaz 1990; Rohrer et al. 2002; 
Fishbach et al. 2007). 
To what extent subjects in the present study may have utilized amplitude versus 
position matching strategies is not certain, however, it seems fair to assume that the final 
arm position was the primary basis for planning matching movements. This assumption is 
based on both the instruction given to subjects (i.e. focus on the final arm position and try 
to replicate it) and on previous research examining errors in the proprioceptively-guided 
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matching of movement extent versus target location. Specifically, it has been shown that 
when subjects are required to utilize a strategy based on movement, increased errors 
(Marteniuk et al. 1972; Marteniuk 1973) and directional biases (Imanaka and Abernethy 
1992a; 1992b) are seen with respect to the target position. 
Overall, the results of the present study provide strong evidence supporting a 
sensory modality specific hypothesis of asymmetries in motor behaviour. It has been 
shown that the non-preferred left arm of right-handed individuals was more accurate 
when matching targets that are proprioceptive in nature, whereas the preferred arm is 
more accurate for visual target matching. To what extent these results reflect different 
roles for the preferred and non-preferred arms during the performance of many activities 
of daily living remains unclear. However, given the use-dependent neural plasticity that is 
now known to exist within the sensorimotor system (see Monfils et al. 2005 for review), 
it seems plausible that neural networks within the left and right hemisphere may have 
evolved to more adequately deal with proprioceptive versus visual feedback, respectively. 
In this case, left hemisphere specialization for visual feedback processing would allow 
for greater interactions between the preferred arm and objects in the external environment 
(e.g. reaching out for a glass of water). In contrast specialization of the right hemisphere 
for proprioceptive feedback would be important for maintaining objects in a particular 
location outside of visual attention (e.g. holding a piece of bread) prior to them being 








Upper Limb Asymmetries during the Proprioceptively-guided 
Matching of Movement Dynamics 
 
Introduction 
The term proprioception was first coined by Sherrington (1906) to describe the 
group of sensations elicited by stimulation of receptors within the body during one’s own 
movement. While these sensations are thought to include such information as the force of 
muscle contraction and the relative timing of motor commands (see Gandevia et al. 1992; 
2002 for reviews), it is the ability to detect body segment positions and movement that 
has received the most attention to date. This bias is likely due to the vital role this type of 
sensory information plays during the planning and execution of goal-directed movements 
(McCloskey 1978; Matthews 1982; Cordo et al. 1994; Grill and Hallett 1995; Prochazka 
and Hulliger 1998). 
From a neurophysiological standpoint, it is generally well accepted that the 
muscle spindle afferents are of primary importance in the conscious perception of limb 
position and velocity (see Matthews 1982 for review), with smaller contributions made 
by skin (Moberg 1983; Ferrell and Smith 1988), joint (Ferrell et al. 1987; Ferrell and 
Craske 1992) and Golgi tendon organ receptors (Jami 1992). The enhanced role of the 
muscle spindle in signaling changes in limb position was perhaps best demonstrated by 
Goodwin et al (1972a; 1972b) in their classic series of studies using muscle tendon 
vibration. In these studies, high frequency, low amplitude vibration was applied to the 
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biceps or triceps tendons of the preferred arm, as a means of increasing the firing rate of, 
primarily, group 1a muscle spindles (Bianconi and van der Meulen 1963; Burke et al. 
1976a). Over the course of stimulation, subjects were then asked to use the opposite arm 
to indicate either the position, or speed and direction, of the vibrated arm. Based on this 
paradigm, illusory effects in both the perception of elbow joint position and velocity were 
shown, consistent with a perceived lengthening of the vibrated muscle. 
Further evidence that limb position and velocity information are distinctly 
represented in the nervous system comes from studies that have used microneurography 
to directly record from the sensory afferents of cats (Jansen and Matthews 1962b; 1962a; 
Matthews 1964; Merton 1964) and humans (Hagbarth and Vallbo 1968; Vallbo 1970; 
1974; Roll and Vedel 1982). Based on these studies, neural firing patterns have been 
identified consisting of both static and dynamic components, which correspond to 
changes in muscle length (i.e. limb position) and the rate of change of muscle length (i.e. 
joint movement velocity) respectively (see McCloskey et al 1978 for review). In this 
case, however, it is the primary muscle spindle afferents (1a) that show the greatest 
sensitivity to the rate of change of muscle length, while both primary and secondary (II) 
spindle afferents show altered neural firing in response to changes in muscle length 
(Burke et al. 1976b; 1976a; Edin and Vallbo 1988; 1990). 
In the realm of motor behaviour, the ability to perceive and replicate joint position 
based on proprioceptive feedback has been extensively studied with errors of less than 5 
deg typically reported (Marteniuk et al. 1972; Worringham and Stelmach 1985; Darling 
1991; Adamovich et al. 1998; 1999; Lonn et al. 2000). In addition, there is now mounting 
evidence to suggest that the accuracy of proprioceptively-guided position matching is 
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enhanced for movements made by the non-preferred arm. While early position matching 
studies were rather equivocal showing either a non-preferred arm advantage (Roy and 
MacKenzie 1978; Colley 1984; Kurian et al. 1989; Riolo-Quinn 1991) or no arm 
differences (Nishizawa 1991; Chapman et al. 2001), recent studies from this lab have 
shown a non-preferred arm advantage for tasks requiring increased proprioceptive 
processing demands (Goble et al. 2006; Goble and Brown 2007). Specifically, it has been 
found that, in a task requiring both memory and interhemispheric transfer of elbow 
position information, preferred arm errors were approximately twice as large as those of 
the non-preferred arm. 
In contrast to studies of position matching, the ability to match the dynamics of 
upper limb movements in the absence of vision has largely been ignored in the motor 
behaviour literature. This is perhaps surprising, given what is now known from studies 
involving individuals with proprioceptive deficits due to large fiber neuropathy where 
movement-related proprioceptive feedback has been shown to be critical for the control 
of intersegmental dynamics during goal-directed movements. In a study by Sainburg et 
al. (1993), for example, two deafferented subjects were asked to perform a movement 
sequence similar to that associated with slicing a loaf of bread. For both subjects, it was 
found that movement performance was significantly impaired with gross curvatures seen 
in wristpath trajectory, and a severe temporal decoupling between the shoulder and elbow 
joints. Similar deficits have subsequently been reported for tasks involving the tracing of 
lines oriented in different directions (Sainburg et al. 1995) and target matching in three 
dimensional space (Messier et al. 2003). 
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Of the few studies that have attempted to quantify subjects’ ability to perceive 
arm speed/dynamics in the absence of vision, most have utilized a velocity-discrimination 
paradigm where a speed comparison is made between two successive movements (Lonn 
et al. 2001; Kerr and Worringham 2002; Djupsjobacka and Domkin 2005). Based on 
these studies, conducted solely using the preferred arm of right-handed individuals, the 
primary finding to emerge has been that of a speed effect where subjects were more 
accurate when discriminating against a slower criterion target speed. In addition, one 
known report exists regarding the ability to perceive and replicate movements of the 
upper limb (Lonn et al. 2001). In this study, right handed subjects were asked to match 
the speed of both self-generated are passively-experienced target movements. Overall, it 
was shown that subjects were also more accurate when matching self-generated target 
movements with slower peak velocities. In this case, however, subject performance was 
assessed with respect to errors in peak and average speed and not for other aspects of the 
target movement such as acceleration and/or deceleration. 
The purpose of the present study, therefore, was to further explore the extent to 
which healthy individuals can perceive and replicate the dynamics of a proprioceptively- 
determined target arm movement, with a particular emphasis place on arm differences in 
matching performance. This was accomplished using an elbow matching paradigm where 
subjects were asked to match the speed of a previously-experienced target arm movement 
with either the same (ipsilateral remembered) or opposite (contralateral remembered) arm 
in the absence of vision. It was hypothesized that, based on position matching studies 
conducted by this laboratory (Goble et al. 2006; Goble and Brown 2007), accuracy would 
be greatest for the non-preferred arm in the less difficult ipsilateral remembered matching 
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task. In addition, greater matching errors were expected for the preferred arm during the 
more difficult contralateral remembered task where matching required both memory and 





Eleven healthy, young adults (mean age 20.5 ± 2.7 years; 4 males, 7 females) 
participated in the study. All procedures were approved by the research ethics review 
board of the University of Michigan. Subjects were free of upper limb neuromuscular 
impairment at the time of testing and showed a strong right arm preference, as evidenced 
by scores of +100 on the modified Edinburgh Handedness Inventory (Oldfield 1971) 
provided in the appendix. In addition, subjects showed significant right arm performance 
advantages on several common tests of motor ability. These measures, summarized in 
Table 3.1, included maximum grip strength, the number of pegs placed in a Purdue 
pegboard (i.e. manual dexterity) in 60 s and the ability to maintain a 1 mm probe within a 
2 mm hole without touching the sides (i.e. hand steadiness) for 10 s. 
 
Task Preferred Arm Non-preferred Arm 
Max Grip strength  
(N) 304.8 ± 11.8 282.2 ± 12.7 
Manual Dexterity 
(# of Pegs in 60 s) 30.3 ± 1.0 27.1 ± 0.7 
Hand Steadiness 
(# of side touches) 11.0 ± 3.1 21.9 ± 8.5 
 
Table 3.1 – Average (± SEM) arm performance on tests of motor ability. 
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Experimental Setup  
 The setup for this experiment, depicted in Fig 3.1, consisted of servo-motor 
driven manipulanda devices designed for elbow displacement in the horizontal plane. 
Blindfolded subjects were seated with forearms resting comfortably on separate length 
and height-adjustable aluminum levers. Rotation of the levers about the elbow joint 
occurred by either active movement of the subject, or via the programmable servo-motor 
system. Standardized start positions were maintained for the shoulder (80 deg abduction, 
15 deg flexion), elbow (75 deg extension) and wrist (neutral) across subjects. The effects 
of altered head position were minimized by means of a steel chin rest and support frame 
surrounding the lateral aspects of the head. 
 
Experimental Procedures 
Subjects in this study were asked to complete a series of proprioceptively-guided 
matching tasks consisting of two phases. In the first phase, target determination, the 
subject’s elbow was passively extended by the servomotor system following one of two 
target triangular velocity profiles. In the 30 deg/s peak speed condition, the forearm was 
accelerated for 1 s at 30 deg/s/s to a peak speed of 30 deg/s, and then decelerated at –30 
deg/s/s for 1 s back to rest. Conversely, in the faster, 60 deg/s peak speed condition, the 
forearm was accelerated for 1 s at either 60 deg/s/s to a peak speed of 60 deg/s, and then 
decelerated at –60 deg/s/s for 1 s bask to rest. In both conditions, the elbow position was 
subsequently returned to the start configuration along the same speed trajectory but in the 




















In the second phase of the procedure, target matching, subjects were given an 
auditory signal that coincided with disengagement of the motors. At this point, subjects 
were free to match the previously-experienced target velocity profile through active 
extension of either the same (ipsilateral remembered condition) or opposite (contralateral 
remembered condition) elbow. Based on this procedure, matches made in the ipsilateral 
remembered condition were thought to consist largely of the memory-based storage and 
retrieval of dynamic proprioceptive information. In contrast, contralateral remembered 
matching required both memory and interhemispheric transfer of dynamic proprioceptive 
feedback, given the anatomical arrangement of the ascending afferent pathways. Once 
matching was completed, the subject’s arm was returned to the start position at a constant 
speed of 15 deg/s in preparation for the next trial. 
 
Data Collection and Analysis 
Five trials of each task (ipsilateral remembered vs. contralateral remembered), 
arm (preferred vs. non-preferred) and peak target speed (30 deg/s vs. 60 deg/s) condition 
were completed in a random block design. In particular, each combination of arm and 
task was blocked and presented in a random order, while peak target speeds were fully 
randomized within each block. Elbow rotation was recorded from the voltage output of 
precision potentiometers mounted beneath the pivot point of each manipulandum. This 
analog signal was digitized at 100 Hz, filtered (4th order Butterworth, zero phase lag, 8 
Hz) and multiplied by a calibration coefficient prior to data analysis to convert the signal 
from volts to degrees. The following dependent measures were obtained from the data to 
characterize the accuracy of subject matching performance: 
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1. Average Acceleration Error – The ability of subjects to replicate the acceleratory 
portion of the target velocity profile was assessed as the absolute difference 
between the target (i.e. 30 or 60 deg/s/s) and matching movement average 
accelerations from movement onset to peak velocity. Movement onset was 
determined as occurring when the corresponding velocity signal exceeded +/- 2 
SD of a 200 ms baseline value. The maximum value in the velocity record was 
taken as representing peak velocity. 
2. Peak Velocity Error – The overall ability to match the peak speed of the target 
movement was calculated as the absolute difference between the maximum target 
(i.e. 30 or 60 deg/s) and matching peak speeds. 
3. Average Deceleration Error – The ability of subjects to replicate the deceleratory 
portion of the target velocity profile was determined as the absolute difference 
between the average deceleration of the target profile (i.e. -30 or -60 deg/s/s) and 
the average deceleration of the subject’s matching movement from peak velocity 
to the end of the matching movement. Movement offset was determined using 
similar criteria to that previously specified for movement onset. 
4. Area under the Curve (i.e. Final Position) Error – The overall ability of subjects 
to match the entire target movement was assessed by calculating the absolute 
difference between the area under the target (i.e. 30 or 60 deg) and the matching 
movement velocity profiles. This was accomplished by integrating the velocity 
signal from movement onset to offset. This measure is equivalent to calculating 




  The mean group values for each measure of velocity matching error (i.e. average 
acceleration, peak velocity, average deceleration, area under the curve) were subjected to 
a repeated measures analysis of variance. Where significant main effects or interactions 
were discovered, the data were subsequently collapsed across non-significant factors and 
tested for simple effects post-hoc using Tukey’s honestly significant differences test. 
Statistical significance was set at the level of p<.05 for all analyses. 
 
Results 
Representative ensemble averaged target and matching movements from one 
subject have been overplotted in Fig 3.2 for each experimental condition. With respect to 
the servo-motor generated target movements (dashed lines) a time symmetric triangular 
velocity profile was achieved with equal periods of constant acceleration and constant 
deceleration over the course of 2 s. In comparison, matches made by the subject (thick 
lines) were most often characterized by time asymmetric velocity profiles with a greater 
time spent decelerating, rather than accelerating, the arm. Further, a number of movement 
irregularities, or secondary peaks were evident during matching movements, particularly 
during the deceleratory phase.  
 
Average Acceleration Error 
Absolute differences in the ability of subjects to match the target average 
acceleration specified by the servomotor are shown in Fig 3.3. For matches made in the 
ipsilateral remembered condition, significantly smaller errors were seen when matching  
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  Non-Preferred Arm                    Preferred Arm 
             
 
Ipsilateral Remembered – 30 deg/s 
              
  
Ipsilateral Remembered – 60 deg/s 
               
 
Contralateral Remembered – 30 deg/s 







Contralateral Remembered – 60 deg/s 
 
 
Fig 3.2 – Ensemble averaged velocity profiles for a representative subject in each 
experimental condition. Traces represent the mean of 5 target (dashed line) and matching 













was performed by the non-preferred, versus preferred, arm (F1,12= 5.9; p<.05; Tukey’s 
method). In contrast, no arm differences were seen for the contralateral remembered task 
where both memory and interhemispheric transfer of target information were required. 
This lack of asymmetry during contralateral remembered matching was largely due to a 
decrease in preferred arm error compared to the ipsilateral remembered task, whereas no 
task differences were seen for the non-preferred arm (Tukey’s method). Regardless of 
arm or matching task, average acceleration errors were significantly greater in the faster 
(i.e. 60 deg/s) versus slower (30 deg/s) peak speed condition (F1,12= 12.2; p<.01). This 
effect of target speed was significantly greater during contralateral remembered versus 
ipsilateral remembered matching (F1,12= 5.9; p<.05). 
The extent to which the group asymmetry in matching performance described 
above for the ipsilateral remembered task was also evident at the individual subject level 
is demonstrated in Fig 3.4. In this figure, average acceleration errors from the 5 preferred 
and non-preferred arm trials in each of the 30 (filled circles) and 60 (open circles) deg/s 
peak speed conditions were cross-plotted for each subject with respect to a line of unity. 
In this case, the large majority of arm comparisons (19 out of 22) fell below the line of 
unity. This result is consistent with greater matching performance (i.e. smaller errors) by 
the non-preferred arm. 
 
Peak Velocity Error 
 The ability of subjects to match the peak speed of target movements based on 
proprioceptive feedback is shown in Fig 3.5 for each experimental condition tested. For 







Fig 3.4 – Comparison of average acceleration matching error for the preferred versus 






















remembered or contralateral matching task. There was, however, a significant effect of 
peak target speed on matching performance with an approximate doubling of errors seen 
in the faster, 60 deg/s target condition. Further, a non-significant trend toward greater 
peak speed accuracy in the ipsilateral remembered condition was seen compared to the 
contralateral remembered condition. In this case, a significant increase in error during 
contralateral remembered versus ipsilateral remembered matching was found for only the 
non-preferred arm across peak speed conditions (Tukey’s method). 
 
Average Deceleration Error 
Mean absolute differences in the average deceleration of target and matching 
movements are provided in Fig 3.6. Similar to the findings for peak velocity matching, no 
arm asymmetries were found for this variable in either the ipsilateral remembered or 
contralateral remembered conditions. However, when collapsed across the preferred and 
non-preferred arms, average deceleration errors were found to be influenced by both the 
type of matching task (F1,12=6.2; p<.05) and the target peak speed (F1,12=61.3; p<.001). 
Specifically, average deceleration errors were smaller during ipsilateral remembered 
versus contralateral remembered matching, and when peak target speeds were slower (i.e. 
30 deg/s) in magnitude (Tukey’s method). 
 
Area under the Curve Error 
An estimate of overall matching performance was provided by calculating the 
absolute difference in area under the velocity curve for target and matching movements 































is worthy of note that errors in this study were, on average, larger than those typically 
reported for studies of proprioceptively-guided position matching (i.e. greater than 5 
deg). However, in contrast to position matching studies, no arm differences in the area 
under the curve were seen for either contralateral remembered or ipsilateral remembered 
matching. Further, area under the curve errors were not influenced by peak speed of the 
target arm movement or difficulty of the matching task. 
 
Discussion 
 In contrast to those studies regarding the acuity of joint position sense, the ability 
to perceive and replicate joint movement speed/dynamics has been largely ignored in the 
motor behavioral literature. This is despite strong neurophsyiological evidence to suggest 
that both static and dynamic aspects of limb movement are encoded in the discharges of 
limb proprioceptors (Burke et al. 1976b; 1976a; Edin and Vallbo 1988; 1990), as well as 
reports indicating a vital role for dynamic proprioceptive feedback during the control of 
arm movement trajectory (Sainburg et al. 1993; 1995; Messier et al. 2003). The purpose 
of the present study, therefore, was to determine the extent to which healthy individuals 
were able to perceive and replicate dynamic aspects of a target arm movement based 
solely on proprioceptive information. This was accomplished by comparing the accuracy 
of dynamics matching for the preferred and non-preferred arms in tasks that varied in 
terms of proprioceptive processing demands. Overall, the accuracy of proprioceptively-
guided matching was found to be largely symmetric with a non-preferred arm advantage 
seen during only the ipsilateral remembered task with respect to the average acceleration 
measure. Additionally, increases in target movement speed and, to a lesser extent, the 
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proprioceptive processing demands associated with matching, negatively influenced 
subject performance. 
The fact that arm asymmetries were generally not seen in the present study 
contrasts several previous studies of proprioceptively-guided position matching, where 
non-preferred arm accuracy advantages have been demonstrated (Roy and MacKenzie 
1978; Colley 1984; Kurian et al. 1989; Riolo-Quinn 1991; Goble et al. 2006; Goble and 
Brown 2007). In particular, recent studies by this laboratory have shown that the ability 
to perform memory-based matching of elbow position with the contralateral arm (i.e. 
contralateral remembered condition) results in preferred arm errors that are twice as large 
as those seen for matching with the non-preferred arm (Goble et al. 2006; Goble and 
Brown 2007). While it was not clear from these initial studies whether this asymmetry 
reflected a non-preferred arm advantage in the utilization of proprioceptive feedback in 
general, the results of the present study suggest that arm differences in proprioceptive 
feedback processing are somewhat specific to arm position as compared to dynamic 
proprioceptive information.  
 Despite the overall lack of asymmetries seen in the present study, a non-preferred 
arm advantage was evident for the matching of average acceleration in the ipsilateral 
remembered task. While the acceleratory portion of movement has traditionally been 
ascribed to various planning and/or feedforward aspects of motor control, recent theories 
involving the use of forward models of arm position have suggested that feedback-based 
corrections are possible during the early stages of movement (see Desmurget and Grafton 
2000 for review). Indeed, this notion is supported by behavioral studies where direction 
dependent changes in muscle electromyography have been shown almost immediately 
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after the application of brief resistive or assistive forces during step-tracking movements 
(Brown and Cooke 1981b; 1986). Further, it has been argued on the basis of ipsilesional 
reaching studies in individuals with unilateral brain injury, that the two arms differ with 
respect to their relative reliance on feedforward versus feedback mechanisms during 
goal-directed movement (Haaland and Harrington 1989a; 1989b; 1994; Winstein and 
Pohl 1995). Specifically, it has been shown that damage to the left hemisphere was 
associated with deficits involving the early, open loop phase of movement, while right 
hemisphere injury affected the latter, more closed loop aspects of performance. To what 
extent the results of the present study, therefore, reflect a relative indifference of the left 
hemisphere (i.e. preferred right arm) towards the use of proprioceptive feedback during 
the acceleratory phase of movement remains unclear. 
 One possible reason for a non-preferred arm advantage in the perception and 
replication of the average acceleration measure, versus other measures of dynamic 
proprioceptive matching performance, lies in the function of the non-preferred arm 
during many bilateral tasks. In this case, the non-preferred arm is most often used to hold 
an object in a particular static position while the preferred arm is used to manipulate it 
(e.g. screwing the lid onto a jar). While previous studies from this laboratory have shown 
that the non-preferred arm is enhanced for achieving a proprioceptively-guided target 
position, the maintenance of this position will rely on the ability to detect movement of 
the arm from this location. Indeed, in order for the quickest response to a perturbation of 
position to occur a non-preferred arm advantage for the monitoring of the early (i.e. 
acceleratory) phase of movement would be of certain value.  
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  Perhaps surprisingly, the arm differences seen for average acceleration matching 
in the ipsilateral remembered task were not evident during the more difficult contralateral 
remembered task where interhemispheric transfer of target movement information was 
required. In addition, preferred arm errors were actually improved during contralateral 
remembered versus ipsilateral remembered matching to a performance level that was 
equal to the non-preferred arm in both task conditions. While no immediate explanation 
of these results can be provided, it is worthy of note that during ipsilateral remembered 
matching with the preferred arm, where the largest errors were seen, involvement of the 
right hemisphere was seemingly minimized, since both the initial proprioceptive target 
information and the control centers for movement were located in the left hemisphere. In 
contrast, during all other matching tasks, right hemisphere involvement was inherently 
necessary in order to receive initial target feedback and/or execute the target movement. 
In this case, it may be possible that the errors in these right-hemisphere dependent tasks 
were reduced due to a right hemispheric specialization for the processing of movement 
related feedback. Support for this hypothesis comes from studies of individuals with 
unilateral brain injury, which have shown that patients with right versus left frontal 
and/or medial temporal damage have a greater difficulty reproducing the extent of 
passively-determined kinesthetic targets (Leonard and Milner 1991a; Leonard and Milner 
1991b; Rains and Milner 1994). Further, using neuroimaging techniques, Butler et al 
(2004) has recently shown preferential activation of areas in the right temporo-parietal 
cortex during proprioceptively-guided reaching, and Naito et al. (2005) found increased 
activation in, especially, the right primary somatosensory cortex related to the perception 
of movement illusions at the wrist. Taken together, therefore, these results provide strong 
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support of greater right hemisphere involvement for the processing of movement-related 
proprioceptive feedback. 
 One of the most consistent findings reported in previous studies of arm velocity 
perception has been a decrease in acuity during faster target speed conditions (Lonn et al. 
2001; Kerr and Worringham 2002; Djupsjobacka and Domkin 2005). In these studies, a 
threshold detection method has commonly been utilized where subjects were asked to 
indicate whether the second of two passively-experienced arm movements was faster or 
slower than the first. Although the present study involved a slightly different paradigm, 
where active replication of a passive target was utilized, similar increases in matching 
error were seen for, especially, the peak speed measure. For example, peak velocity 
errors were approximately 5 and 9 deg/s in the 30 and 60 deg/s peak speed conditions of 
the present study. This is comparable to the 7 and 10 deg/s errors reported by Kerr and 
Worringham (2002) for the same speed conditions.  
A possible explanation for the decreased ability of subjects to perceive higher 
velocity movements lies in the results of studies assessing attenuation of somatosensory 
feedback during movement. While it has been long recognized that subjects are less able 
to perceive cutaneous stimuli that are presented to their moving versus stationary limb 
(e.g. Giblin 1964; Lee and White 1974; Angel and Malenka 1982), it was only in the last 
decade that Collins et al (1998) demonstrated that a similar phenomenon exists for the 
perception of muscle afferent feedback. In this study, the extensor carpi ulnaris muscle of 
the preferred arm was electrically stimulated at various intensities during different phases 
of wrist and arm movement. It was found that the ability to sense the evoked muscle 
twitches was significantly reduced during movement, and that this attenuation increased 
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with movement speed. Based on these findings, it was suggested that suppression of the 
afferent signal was necessary with increased movement speed in order to reduce the vast 
amount of afferent input during fast movements. 
For most measures in this study, there was a trend towards greater errors in the 
contralateral remembered versus ipsilateral remembered matching task. This result likely 
reflects the increased difficulty associated with the contralateral remembered condition, 
as has been previously demonstrated on numerous occasions by this laboratory (Goble et 
al. 2005; Adamo et al. 2007; Goble and Brown 2007). In these studies, three position 
matching tasks were compared that varied with respect to the need for memory and/or 
interhemispheric transfer of proprioceptive information. In the ipsilateral remembered 
and contralateral concurrent tasks, where only memory or interhemispheric transfer of 
elbow position feedback was required respectively, the magnitude of matching error was 
similar regardless of the arm performing the task. In contrast, during the contralateral 
remembered condition, where both memory and interhemispheric transfer were necessary 
for accurate performance, errors were increased during, especially, matches made by the 
preferred arm. This result further underscores the need to maximize processing demands 
when assessing any aspect of proprioceptive ability. 
The dynamic dominance hypothesis, first proposed by Sainburg (2002), has 
recently gained acceptance as a function-based account of arm performance asymmetries. 
In this theory, it is suggested that the preferred arm/hemisphere system of right-handed 
individuals is specialized for the control of arm dynamics such as movement trajectory, 
whereas the non-preferred arm/hemisphere is specialized for maintaining static arm 
positions/postures. Based on this hypothesis, it might have been predicted that preferred 
87 
arm matching in this study would show enhanced performance, due to the emphasis that 
was placed on the matching of movement dynamics. However, in studies purporting the 
dynamic dominance theory, the two variables most commonly associated with a preferred 
arm trajectory advantage have been the ability to specify an initial movement direction 
(Sainburg and Wang 2002; Wang and Sainburg 2003; 2004a) and the control of 
intersegmental dynamics (Sainburg and Kalakanis 2000; Bagesteiro and Sainburg 2002; 
Sainburg 2002). In this case, use of a single joint paradigm in the present study largely 
precludes any comparison with the dynamic dominance hypothesis, as the direction of 
matching movements was limited to one dimension, and compensation for the effects of 
interactional joint torques was unnecessary.  
In conclusion, the results of the present study extend the current knowledge 
regarding use of speed/dynamics information during the performance of goal-directed 
movements in the absence of vision. The fact that arm asymmetries were not seen for 
most measures of matching performance, regardless of matching task, demonstrates that 
non-preferred arm advantages for the utilization of proprioceptive feedback are somewhat 
specific to static versus dynamic information. This phenomenon may reflect preferential 
use of the non-preferred arm for the maintenance of static postures. Indeed, this is a role 
often incurred by the non-preferred arm during bimanual tasks in order to stabilize an 







Upper Limb Asymmetries in the Proprioceptively-guided 
Matching of Dynamic Elbow Position 
 
Introduction  
 The tendency for humans to prefer use of one arm versus the other when 
performing various activities of daily living has been cited as one of the most obvious 
examples of lateralized brain function (Hellige 1983). This phenomenon, commonly 
known as “handedness”, typically favours use of the right arm (Annett 1985; Gilbert and 
Wysocki 1992) and, thus, has classically been explained in terms of a contralateral left 
hemisphere specialization for the control of motor output. Indeed, this line of thinking 
was first justified in the pioneering studies of Liepmann (1908; 1920) who demonstrated 
that individuals with unilateral brain injury to the left hemisphere exhibited greater 
deficits in motor performance compared to those with right hemisphere damage. Further, 
neuroanatomical studies conducted over the course of the past two decades have shown 
the existence of asymmetries favouring the left hemisphere in terms of both total surface 
area, and the amount of neurophil, devoted to the primary motor cortex (White et al. 
1994; Amunts et al. 1996; 2000). 
 In contrast to this preferred arm/hemisphere “motor dominance”, however, recent 
studies by this laboratory have suggested that a non-preferred arm/hemisphere advantage 
exists in the utilization of movement-related proprioceptive feedback. Specifically, it has 
been shown that the ability to match elbow angles in the absence of vision is enhanced 
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for the non-preferred arm, especially when the processing demands associated with 
matching are increased by requiring both memory and interhemispheric transfer of 
proprioceptive target information (Goble et al. 2005; 2006; Goble and Brown 2007). 
These results, expand upon those of previous position matching studies, where use of less 
demanding matching tasks resulted in either a non-preferred arm accuracy advantage 
(Roy and MacKenzie 1978; Colley 1984; Kurian et al. 1989; Riolo-Quinn 1991) or no 
arm differences at all (Carson et al. 1990; Chapman et al. 2001). 
Although the above findings, en masse, argue in favour of the asymmetric use 
position-related proprioceptive information, they offer little insight into the other, more 
dynamic aspects of proprioception. From a neurophysiological standpoint, it is generally 
well accepted that both limb position and movement velocity are represented in the 
nervous system, as has been shown in microneurography studies where direct neural 
recordings were made from the sensory afferents of cats (Jansen and Matthews 1962b; 
1962a; Matthews 1964; Merton 1964) and humans (Hagbarth and Vallbo 1968; Vallbo 
1970; 1974; Roll and Vedel 1982). In these studies, the neural firing patterns identified 
consisted of both static and dynamic components corresponding to changes in muscle 
length (i.e. limb position) and the rate of change of muscle length (i.e. movement 
velocity) respectively (see McCloskey 1978 for review). In this case, however, it was the 
primary muscle spindle afferents (1a) that showed the greatest sensitivity to the rate of 
change of muscle length, while both primary and secondary (II) spindle afferents showed 
altered neural firing in response to changes in muscle length (Burke et al. 1976b; 1976a; 
Edin and Vallbo 1988; 1990). 
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 Additional evidence that limb position and velocity information are separately 
perceived by healthy individuals was provided in the classic studies of Goodwin et al 
(1972a; 1972b). In these studies, high frequency, low amplitude vibration was applied to 
the biceps or triceps tendons of the preferred arm, as a means of increasing the firing rate 
of, primarily, group 1a muscle spindles (Bianconi and van der Meulen 1963; Burke et al. 
1976b). Over the course of stimulation, blindfolded subjects were asked to use the non-
preferred arm to indicate either the perceived position, or speed and direction, of the 
vibrated arm. Based on this paradigm, illusory effects in both the perception of elbow 
joint position and velocity were shown and these illusions were consistent with a 
perceived lengthening of the vibrated muscle. 
 During the performance of most movement tasks, however, static and dynamic 
sources of proprioceptive feedback are rarely utilized in isolation and, rather, individuals 
are often required to combine information regarding both arm position and movement 
speed in order to perform a sequence of actions. For example, during the throwing of an 
object, the position of multiple rotating body segments (i.e. upper arm, forearm, hand) 
must be monitored in order to determine when the arm is in an appropriate position to 
release the object. This ability to know body segment position during movement has been 
termed  “dynamic position sense” by Cordo et al. (1990; 1994; 1995a; 1995b), and has 
been extensively studied using a paradigm where subjects indicate when their unseen 
elbow reaches a predetermined joint angle during movement. Based on this paradigm, it 
has been shown that, with limited feedback regarding performance, subjects can estimate 
dynamic arm position within several degrees of elbow rotation. To date, however, there 
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has been no attempt to compare asymmetries in dynamic position matching between the 
preferred versus non-preferred arms. 
 When assessing dynamic position sense in a manner similar to that described by 
Cordo et al (1990; 1994; 1995a; 1995b) it is important to address the possible influence 
of target movement duration on subject performance. Indeed, it has been noted for some 
time in the psychology literature that there is a strong interdependence of time and space 
in the estimation of movement extent (Helsen 1930; Helsen and King 1931). Specifically, 
when subjects experience two successive arm movements of an equal extent but, which 
vary in speed, the faster movement will be perceived as traveling further than the slower. 
In a recent study by Chieffi et al (2004), for example, subjects made reaching movements 
with the preferred arm to a near or far target position at a fast or slow speed. Then, based 
on short-term memory, reproduction of the target occurred at a speed that was equal to 
(i.e. congruent) or different (i.e incongruent) to that of the original target movement. The 
results of this study showed that subjects were, indeed, biased towards the duration of the 
target movement in the incongruent conditions. In this case, when matching occurred at a 
speed faster than that used to achieve the target originally, subjects were biased towards 
overshooting. In contrast, undershooting was seen when matches were performed at a 
speed slower than the original.   
 The primary aim of the present study was to determine the extent to which arm 
differences may exist in the proprioceptively-guided matching of dynamic position. To 
accomplish this, blindfolded subjects were asked to indicate the location of previously-
experienced target elbow positions during constant speed movement of either the same or 
opposite arm. In addition, the influence of differences in target and matching speeds was 
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addressed in a set of trials where the target determination speed was systematically 
altered with respect to target matching, but where target position remained the same. 
Based on the previous position matching findings by this laboratory (Goble et al. 2006; 
Goble and Brown 2007), it was expected that subjects would show enhanced dynamic 
position accuracy for the non-preferred versus preferred arm, especially during tasks 





Thirteen healthy, young adults (mean age 23.0 ± 3.0 years; 7 males, 6 females) 
participated in this study. The number of subjects was determined on the basis on a power 
analysis conducted using previous position matching data (Goble et al. 2006, Goble and 
Brown 2007). Subjects were free of upper limb neuromuscular impairment and showed 
strong right arm preferences as evidenced by scores of +100 on a modified version of the 
Edinburgh Handedness Inventory (Oldfield 1971, see appendix). In addition, subjects 
demonstrated right arm performance advantages on several common tests of motor output 
ability. These measures are summarized in Table 4.1 and include maximum grip strength, 
the number of pegs placed in a Purdue pegboard (i.e. manual dexterity) in 60 s and the 
ability to maintain a 1 mm probe within a 2 mm hole without touching the sides (i.e. hand 
steadiness) for 10 s. All procedures were approved by the research ethics review board of 
the University of Michigan prior to testing. 
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Task Preferred Arm Non-preferred Arm 
Max Grip strength  
(N) 368.5 ± 24.5 343.0 ± 21.6 
Manual Dexterity 
(# of Pegs in 60 s) 30.3 ± 1.1 27.4 ± 1.1 
Hand Steadiness 
(# of side touches) 10.4 ± 5.1 19.0 ± 3.4 
 
Table 4.1 – Average (± SEM) arm performance on tests of motor ability. 
 
Experimental Setup  
 The setup for this experiment, depicted in Fig 4.1, consisted of servo-motor 
driven manipulandum devices designed for elbow displacement in the horizontal plane. 
Blindfolded subjects were seated at the device with forearms resting comfortably on 
separate length and height-adjustable aluminum levers. Standardized start positions for 
the shoulder (80 deg abduction, 15 deg flexion), elbow (75 deg extension) and wrist 
(neutral) were maintained across subjects. The effects of altered head position were 
minimized by means of a steel chin rest and support frame surrounding the lateral aspects 
of the head (Knox and Hodges 2005; Knox et al. 2006). Additionally, subjects were 
outfitted with a uniaxial electrogoniometer along the long axis of each hand for the 
purpose of recording indicator movements made via extension of the index and middle 
fingers. The electrogoniometers were attached below the wrist joint and on the distal 
segments of the index and middle fingers. 
 
Experimental Procedures 
The ability to perceive target arm positions during movement (i.e. dynamic 









Fig 4.1 – Experimental setup for dynamic position matching. Note that in this figure a 
goniometer has been placed along the hand and fingers of only the non-preferred arm. In 









determination, the preferred or non-preferred elbow was passively extended at 10 deg/s to 
a target position of 10, 20 or 30 deg. The arm was then held at this location for 3 s while 
the subject memorized the target position, and returned passively to the start position at 
the same speed. In the second phase, target matching, the same (ipsilateral remembered 
task) or opposite (contralateral remembered task) arm as that used to establish the target 
was slowly extended at 5 deg/s  through a range of motion that included, but went 
beyond, the given target position. During this phase, subjects were instructed to indicate 
the point in time when the moving arm matched the target elbow position by quickly 
extending the index and middle fingers of the moving arm. Given this paradigm, 
ipsilateral remembered matching was thought to represent a less difficult task as arm 
position and movement speed information were both provided to the same hemisphere. In 
contrast, contralateral remembered matching required interhemispheric transfer in order 
to combine static and dynamic proprioceptive feedback that was received by different 
hemispheres during the target and matching movement phases. 
In the above experiment, different speeds were chosen for the target determination 
and target matching phases in an attempt to discourage subjects from using temporal cues 
regarding the duration of target arm movement. To further address the potential influence 
of target and matching speed differences on dynamic position matching, an additional set 
of ipsilateral remembered trials were performed. In this case, subjects were always given 
the same, 20 deg target position during the target determination phase. However, the 
target determination speed was faster (10 deg/s), slower (2.5 deg/s) or the same (5 deg/s) 
as the speed of elbow extension during target matching. Based on this paradigm, any bias 
towards matching target movement speed/duration would result in undershooting when 
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target determination occurred at a faster speed than target matching, overshooting when 
target determination was slower than target matching, and no directional bias when the 
target and matching speeds were congruent. 
 
Data Collection and Analysis 
Five trials of each combination of experimental conditions were completed in a 
random block order. Blocks consisted of all trials for a particular combination of arm 
(preferred vs. non-preferred) and/or task (ipsilateral remembered vs. contralateral 
remembered) condition with either the amplitude or target determination speed fully 
randomized within that block. Using a laptop computer, the voltage output from precision 
potentiometers located below the pivot point of the elbow joint was recorded. This analog 
signal was subsequently digitized at 100 Hz, filtered (4th order Butterworth, zero phase 
lag, 8 Hz) and multiplied and converted to a measure of angular displacement (deg) by a 
calibration coefficient prior to data analysis. The following dependent measures were 
extracted from the data: 
 
1. Absolute Error – The overall ability of subjects to determine dynamic elbow 
position was assessed as the absolute difference between the target arm position 
and the position of the arm when the indicator movement first occurred. In this 
case, it was necessary to calculate both the offset of the target movement and 
onset of the indicator movement using a threshold detection algorithm of +/- 2 SD 
from baseline (zero) velocity signal. 
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2. Constant Error – The signed difference between the target arm position and the 
elbow angle at the time of target indication was used as an estimate of directional 
bias (i.e. target undershooting or overshooting). Target and matching positions 
were determined as described for absolute error. 
3. Variable Error – The standard deviation of constant errors across a series of trials 
was used as a measure of matching consistency. 
 
Statistical Analyses 
  Mean measures of movement accuracy (absolute error, constant error and variable 
error) were subjected to repeated measures analyses of variance. Where significant main 
effects and/or interactions were revealed the data was subsequently collapsed across non-
significant factors and tested for simple effects using a Tukey’s honestly significant 
differences test. Statistical significance was set at p<.05. 
 
Results 
 Dynamic position matching data from the 30 deg target condition is provided in 
Fig 4.2 for a representative subject. From this figure, it is apparent that the servo motor 
system was successful in displacing the preferred (solid line) and non-preferred (dashed 
line) arms to the desired target locations at the predetermined speeds. This was true for 
both the target determination (i.e. first half of trial) and matching (i.e. second half of trial) 
phases of the task. With respect to subject matching performance, dynamic position was 
generally underestimated, especially with the preferred arm, as evidenced by crosshairs 



















      
 
 
Fig 4.2 – Representative data for 30 deg dynamic position matching in the ipsilateral 







Task and Target Amplitude Effects on Dynamic Position Matching Asymmetries 
 Asymmetries in the overall accuracy of dynamic position sense, as indicated by 
absolute error, are displayed in Fig 4.3 for each task and target amplitude condition. With 
respect to arm asymmetries, similar results were found as those seen in previous studies 
of proprioceptively-guided position matching. In this case, errors were significantly 
smaller across matching task and target amplitude conditions when matching involved 
movement of the non-preferred versus preferred arm (F1,12=10.3; p<.01). This arm 
difference, however, was significantly influenced by target amplitude (F1,12=4.9; p<.05), 
as preferred arm matching errors significantly decreased across all (i.e. 10, 20 and 30 
deg) amplitude conditions, while the non-preferred arm showed a significant increase in 
error between only the 10 and 20 deg targets (Tukey’s method). Due to this pattern of 
errors, the non-preferred arm advantage for dynamic position accuracy was, therefore, 
most noticable in the 30 deg condition. For both arms, the contralateral remembered task 
was associated with greater errors than the ipsilateral remembered task, particularly for 
30 deg target matching (F1,12=6.2; p<.05; Tukey’s method). 
Constant errors in dynamic position matching are provided in Fig 4.4, as an 
indication of directional biases in matching performance. As evidenced by the negative 
constant error values in all task conditions, a strong bias in matching error towards 
undershooting the target position was seen with less than ten percent of all trials in the 
direction of a target overshoot. Given the relationship between constant and absolute 
error, the pattern of constant errors seen were, thus, similar to those reported for absolute 
errors. Specifically, while subjects were more accurate (i.e. less likely to undershoot the 




Fig 4.3 – Mean (+/- SEM) absolute errors in dynamic position matching for 10, 20 and 30 deg targets in the ipsilateral remembered 












Fig 4.4 – Mean (+/- SEM) constant errors in dynamic position matching for 10, 20 and 30 deg targets in the ipsilateral remembered 
(left panel) and contralateral remembered (right panel) tasks. 
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The Effect of Target Determination Speed on Dynamic Position Matching Asymmetry 
matching phase, this arm asymmetry was mediated by target amplitude (F1,12=15.5; 
p<.01). In this case, a non-preferred arm advantage was only seen in the 30 deg target 
condition, due largely to an increase in preferred, but not non-preferred, arm error 
(Tukey’s method). Further, greater target undershooting was seen in the 30 deg condition 
of the more difficult contralateral remembered versus ipsilateral remembered task 
(F1,12=5.9; p<.05; Tukey’s method). 
 Asymmetries in dynamic position matching are shown in Fig 4.6 with respect to 
faster (10 deg/s), slower (2.5 deg/s) and congruent (5 deg/s) target determination speed 
conditions. As shown in Fig 4.6A, a non-preferred arm matching advantage in terms of 
absolute error was seen regardless of target determination speed (F1,12=14.8; p<.01). This 
asymmetry, although greater on average in the 10 deg/s condition, was not influenced by 
the speed of target determination. In addition, both arms showed a significant increase of 
absolute error in the 10 deg/s condition where the target determination speed was faster 
than the target matching speed (F1,12=5.2; p<.05; Tukeys method). 
 
In contrast to absolute and constant error results, the consistency of dynamic 
position matching performance (i.e. variable error) was not significantly different for the 
preferred and non-preferred arms across task and amplitude conditions (F1,12=1.2; p>.05). 
These results are shown in Fig 4.5 where both arms show a similar increase in variable 
error with increased target amplitude (F1,12=36.6; p<.001). In addition, there was no 
significant difference in the consistency of ipsilateral remembered versus contralateral 






Fig 4.4 – Mean (+/- SEM) variable errors in dynamic position matching for 10, 20 and 30 deg targets in the ipsilateral remembered 












Fig 4.6 – The effect of target determination speed on dynamic position matching error. Mean (+/- SEM) absolute (A), constant (B) and 
variable (C) errors are presented for target determination speeds that were faster (10 deg/s), slower (2.5 deg/s) or the same (5 deg/s) as 





As evidenced by constant errors (Fig 4.6B), target determination speed had a 
strong influence on the direction of both preferred and non-preferred arms matching error 
(F1,12=46.9; p<.001). Compared to the 5 deg/s condition, where both target and matching 
speeds were congruent, subjects made greater undershooting errors in the faster, 10 deg/s 
condition and were biased more towards overshooting in the slower 2.5 deg/s condition. 
While this effect was similar for both arms in the 5 and 2.5 deg/s target determination 
speed conditions, the non-preferred arm was less biased towards undershooting in the 10 
deg/s condition where the target determination speed was faster compared to the speed of 
the matching movement (Tukey’s method). 
 The influence of target and matching speed differences on variable errors in 
dynamic position is shown in 4.6C for each of the arm and target determination speed 
conditions. While there was only a tendency for greater non-preferred arm matching 
consistency (F1,12=4.5; p<.10), especially in the slower, 2.5 deg/s condition (Tukey’s 
method), there was a significant influence of speed on the magnitude of variable errors in 
both arms. In particular, when subjects were asked to indicate dynamic arm position 
based on a static target that was determined at the slowest (2.5 deg/s) speed, matching 
errors were significantly greater compared to the 10 deg/s and 5 deg/s conditions 
(F1,12=9.1; p<.01, Tukey’s method). 
 
Discussion 
The ability to combine static and dynamic proprioceptive information into an 
estimate of dynamic position is critical for the timing and control of many goal-directed 
activities of daily living. Given the previous results from this laboratory demonstrating a 
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non-preferred arm advantage for the proprioceptively-guided matching of elbow position 
(Goble et al. 2006; Goble and Brown 2007), the goal of the present study was, thus, to 
determine arm asymmetries in dynamic position matching. To accomplish this, subjects 
were asked to indicate a memory-based target elbow position during movement of either 
the same or opposite arm. Overall, it was found that errors were typically smaller when 
the matching phase involved the non-preferred versus preferred arm. This effect, 
however, was influenced by both target amplitude and the speed of target determination. 
Specifically, a greater non-preferred arm advantage was seen for the matching of larger 
target amplitudes and when the speed of target determination was faster than that of 
target matching. 
One appealing explanation for the asymmetries found in this study is that of a 
right hemisphere specialization for the processing proprioceptive feedback. Indeed, 
several lines of evidence support of this hypothesis including the study of individuals 
with unilateral brain injuries. In a series of experiments by Leonard and Milner (1991a; 
1991b; 1995), for example, individuals with various cerebral cortex excisions for the 
relief of focal cerebral seizures, were tested on their ability to match target movement 
amplitudes in the absence of vision. In this case, the results showed that subjects with 
large excisions to the right, but not left, frontal hemisphere including motor, premotor 
and supplementary motor areas were less adept at matching large amplitude targets. It 
was, therefore, concluded that the right frontal hemisphere played an important role in the 
monitoring and recall of movement-related proprioceptive feedback. In accord with these 
findings, neuroimaging techniques have allowed for the in-vivo assessment of right 
versus left hemisphere differences in the proprioceptive feedback processing ability of 
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healthy individuals. Indeed, Butler et al (2004) found increased temporal-parietal 
activation in the right hemisphere using positron emission tomography during the 
proprioceptively-guided matching of target positions in the absence of vision. Further, 
Naito et al (2005) showed evidence of right hemisphere dominance for the perception of 
vibration-induced proprioceptive illusions based on functional magnetic resonance 
imaging and cytoarchitectural mapping techniques. Taken together, these studies strongly 
suggest the existence of an enhanced role for the right hemisphere in the processing of 
proprioceptive feedback. 
In the present study, target amplitude had a strong influence on the magnitude of 
dynamic position errors with greater errors seen for the matching of larger amplitude 
targets. In this case, it is likely that subjects were, in some way, incorporating information 
regarding the speed/duration of the target determination phase into their representation of 
the final arm position. For the tasks where target amplitude effects were assessed, the 
speed of target determination was twice that of target matching and, thus, any attempt to 
match movement duration would explain the progressively greater undershooting that 
was seen with increased in target amplitude. In addition, the influence of target 
determination speed was directly tested in the present study by assessing dynamic 
position matching accuracy of a single target for target determination speeds that were 
either faster, slower or the same as that utilized during target matching. In this case, it 
was found that subjects were, indeed, biased towards movement speed/duration, despite 
being instructed to focus only on target end position.  
While the relationship between target amplitude perception and movement speed 
has been well established for movements associated with the preferred arm (e.g. Hollins 
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and Goble 1988; Imanaka and Abernethy 1992a; Chieffi et al. 2004), the present study 
represents the first known assessment of arm differences related to this phenomenon. 
Interestingly, it was shown that, in the case where target determination speed was greater 
than that utilized during target matching, the preferred arm was influenced to a larger 
extent by this temporal factor than the non-preferred arm. To what extent this asymmetry 
in matching behavior reflects a greater preferred arm/hemisphere reliance on temporal 
cues during the estimation of target position, however, remains unclear. While preferred 
right arm advantages have been noted for the execution of movement sequences (Taylor 
and Heilman 1980; Edwards and Elliott 1989), and the maintenance of tapping intervals 
(Peters and Durding 1979; Todor and Kyprie 1980; Todor et al. 1982), studies involving 
individuals with unilateral brain injuries have, contrarily, indicated an enhanced role for 
the right hemisphere (Harrington et al. 1998; Kagerer et al. 2002; Koch et al. 2003). For 
example, in a study by Kagerer et al (2002), subjects were asked to reproduce standard 
intervals ranging from 1 to 5.5 s based on memory. It was found that patients with lesions 
of the right hemisphere were impaired in reproductions of stimuli longer than 2 s. Given 
that attention did not appear to be impaired in these subjects, it was argued that integrity 
of the right hemisphere is important for temporal reproduction. 
Although greater matching errors were generally seen during the more difficult 
contralateral remembered matching task, there was no association between task difficulty 
and the magnitude of arm asymmetries. This result contrasts previous position matching 
studies conducted by this laboratory where a greater non-preferred arm advantage has 
been shown during contralateral remembered versus ipsilateral remembered matching, 
presumably due to poorer transfer of memorized arm position information (Goble et al. 
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2005; 2006; Goble and Brown 2007). There are two notable task differences that may 
account for these equivocal findings. First, while previous studies were largely specific to 
the processing of position-related proprioceptive feedback, the present study required the 
processing of both position and movement speed information. Indeed, while studies 
assessing the asymmetric transfer of position have shown greater transfer in the direction 
of the non-preferred arm/hemisphere system (Wang and Sainburg 2003; 2004b), there is 
no known evidence supporting the asymmetric transfer of movement velocity. Secondly, 
unlike previous studies of position matching, the present study did not consist of an 
active matching component. In this case, it is possible that the enhanced asymmetries 
seen previously for contralateral remembered position matching were due, at least in part, 
to the planning and execution of a target movement. 
Cordo et al (1994) estimated that a delay of approximately 200 ms exists between 
the perception of dynamic position and the execution of an indicator movement. Given 
the speed used during the target matching phase of the present study (i.e. 5 deg/s), such a 
delay would result in matches that were biased approximately 1 deg towards the direction 
of target overshooting. Further, it should be acknowledged that slight differences are 
thought to exist with respect to reaction times of the preferred and non-preferred arms. 
Specifically, it has been shown that visuomotor reaction time is often faster for the non-
preferred arm with a mean arm difference on the order of 10 ms (Carson et al. 1993; 
1995; Boulinguez and Nougier 1999; Velay and Benoit-Dubrocard 1999; Barthelemy and 
Boulinguez 2001; 2001; 2001). In the present study, however, this difference would have 
had only minimal (i.e. 0.05 deg) influence on matching error. 
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In conclusion, the results of the present study underscore the importance of 
proprioceptive feedback during the control of non-preferred arm movements that rely on 
both static and dynamic information. Whether a similar asymmetry might exist in the 
dynamic position matching ability of left handed individuals, however, is not yet clear. In 
a recent study by Lenhard and Hoffmann (2007), the ability of left handed individuals to 
reach to visual targets with their unseen arm was assessed showing a non-preferred arm 
advantage in terms of constant but not variable error. In light of these findings, it seems 
possible that a non-preferred arm/hemisphere accuracy advantage might exist for the 
processing of proprioceptive information independent of handedness. This phenomenon 
may reflect a functional specialization of the non-preferred arm for obtaining/stabilizing 
arm postures without the aid of vision, as is necessary during the performance of many 










Summary of Major Findings 
 
The overall purpose of the present dissertation was to explore upper limb 
asymmetries in the ability to utilize movement-related feedback. In Fig 5.1 a schematic 
outlines the major findings from this work. In the first experiment (Chapter 2), arm 
differences in the accuracy of matching target elbow positions was explored for both 
proprioceptively-guided and visually-guided matching tasks. In this case, it was shown 
that, similar to previous studies conducted by this laboratory (Goble et al. 2006; Goble 
and Brown 2007), matching of static proprioceptive targets was more accurate for the 
non-preferred arm, and that this asymmetry was particularly pronounced in the 
contralateral remembered condition where processing demands were increased by 
requiring both memory and interhemispheric transfer of target information. In contrast to 
proprioceptive matching, however, subjects were more accurate with the preferred arm 
when matching visual targets. This asymmetry was similar for both the ipsilateral 
remembered and contralateral remembered tasks, although there was a significant 
increase in matching error during the more difficult contralateral remembered condition. 
Taken together, the findings of the first experiment provide support for a sensory 























• POSITION (Chapter 2) 
• AVERAGE ACCELERATION (Chapter 3) 













Fig 5.1 – Summary of overall arm differences demonstrated during the visual and 










arms favour use of different sources of sensory information (i.e. proprioceptive versus 
visual) during the control of goal-directed movement. 
Given that proprioception is not specific to joint position sense, but rather has a 
dynamic component as well, the focus of the second experiment (Chapter 3) in this 
dissertation was to determine arm asymmetries in the memory-based matching of 
proprioceptively-determined target arm trajectories. Specifically, subjects were asked to 
match previously-experienced triangular velocity profiles with either the preferred or 
non-preferred arm in the absence of vision. It was found that, in accordance with the 
proprioceptively-guided matching of position, the accuracy of speed matching was 
greater for the non-preferred arm during the early (i.e. acceleratory) phase of ipsilateral 
remembered matching movements. Conversely, other measures of dynamic matching 
performance (i.e. peak speed, deceleration, area under the velocity curve) showed no arm 
differences regardless of task condition. This led to the conclusion that non-preferred arm 
advantages for proprioceptive feedback processing are largely specific to the use of static 
position information. 
 In the third experiment (Chapter 4), the extent of non-preferred arm advantages 
for the utilization of proprioceptive feedback was further explored by assessing arm 
asymmetries in dynamic position sense. In this case, dynamic position was defined as the 
ability to perceive arm position during movement of the limb. This was tested by having 
subjects indicate when a memorized target position was reached during movement of the 
preferred or non-preferred elbow through a range of motion that included that target 
position. The results were in line with those seen for both the proprioceptively-guided 
matching of elbow position, and average movement acceleration, as the non-preferred 
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arm was more accurate in dynamic position matching than the preferred. In this case, 
however, both target amplitude and target determination speed had a significant influence 
on matching asymmetry. Specifically, greater non-preferred arm advantages were seen 
with increased target amplitude and when the target speed was greater than that used 
during target matching. 
 
Relation to Previous Models of Handedness 
 
Motor Output Hypothesis 
 Perhaps the most traditional approach to explaining arm differences in motor 
behavior is one grounded in motor output (Woodworth 1899; Provins 1956; Peters 1976; 
Peters and Durding 1979; Todor and Kyprie 1980; Todor et al. 1982; Petersen et al. 1989; 
Incel et al. 2002). In this view, the fundamental difference between arms is an inherent 
ability of the preferred arm to generate larger muscle forces at a faster rate and with less 
variability than the non-preferred arm. In the experiments conducted in the present 
dissertation, subjects showed both a strong right arm preference and, not surprisingly, 
were “motor dominant” based on standard measures of motor ability. This was evidenced 
by preferred arm advantages in a timed peg placement task, maximum grip strength and 
hand steadiness.  
Despite these results, however, in the two studies for which a motor output 
component was required, little evidence was found regarding an asymmetry in movement 
kinematics. In experiment 1 (Chapter 2), for example, matching movements made by 
both the preferred and non-preferred arm were characterized by velocity profiles that 
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were not bell-shaped and time symmetric, but rather, consisted of prolonged deceleratory 
phases with multiple velocity peaks. One likely explanation for this lack of asymmetry 
lies in the simplistic nature of the motor response required of subjects. Specifically, it 
might be expected that greater asymmetry would occur if matching movements were not 
limited to only one joint, thus, eliminating the need to compensate for the intersegmental 
dynamics (Almeida et al. 1995; Gribble and Ostry 1999). Further, any asymmetries due 
to the effects of gravity (Virji-Babul and Cooke 1995) were minimized in this study by 
constraining the forearm to move on the horizontal plane. 
 
Open Versus Closed Loop Hypothesis 
 The open versus closed loop model of handedness has emerged from studies of 
individuals with unilateral brain damage where the ability to make goal-directed reaching 
was differentially affected according to which cerebral hemisphere (left versus right) was 
injured (Haaland and Harrington 1989a; Haaland and Harrington 1989b; Haaland and 
Harrington 1994; Winstein and Pohl 1995; Haaland and Harrington 1996). In the case of 
left hemisphere damage, it has been found that reaching is most affected during the early 
phase of the movement related to feedforward (i.e. open loop) movement planning 
(Haaland and Harrington 1989b; 1994). In contrast, deficits in the latter phases of 
movement including final position accuracy, most often requiring closed-loop feedback-
based corrections, have been observed with right hemisphere impairment (Haaland and 
Harrington 1989a; Winstein and Pohl 1995; Haaland and Harrington 1996). 
 Overall, the results of this dissertation partially support an open versus closed 
loop account of sensorimotor asymmetries. Indeed, in experiment 1 (Chapter 2), a non-
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preferred arm (right hemisphere) advantage was seen for the accuracy of matching 
proprioceptive targets. Given that the kinematics associated with this task suggested a 
closed loop strategy involving the online-correction of ongoing movement, this result fits 
well with the notion of an enhanced role for the right hemisphere in feedback processing. 
However, in this same experiment, a similar strategy was also noted during the matching 
of visual targets and, in this case, an accuracy advantage was seen for the preferred (i.e. 
left hemisphere) rather than non-preferred arm. Further, with respect to arm/hemisphere 
differences in the feedforward control of movement, it is worthy of note that both arms 
demonstrated significant scaling of peak velocity, a characteristic typically thought to 
reflect movement planning (e.g. Brown and Cooke 1981; 1984; Sainburg and Schaefer 
2004). To what extent these inconsistencies may be related to the variability associated 
with the fact that open versus closed loop studies involved individuals with somewhat 
diffuse, brain injuries remains unclear. 
 
Dynamic Dominance Hypothesis 
 Based on studies of targeted reaching in a virtual environment, the dynamic 
dominance hypothesis of handedness provides a functionally-based account of arm 
asymmetries (Sainburg and Kalakanis 2000; Bagesteiro and Sainburg 2002; Sainburg 
2002; Sainburg and Wang 2002; Bagesteiro and Sainburg 2003; Wang and Sainburg 
2004a; 2004b; Sainburg 2005). Whereas the preferred arm is thought to be specialized for 
the control of arm trajectory/limb dynamics, non-preferred arm advantages have been 
suggested for the control of arm position/posture. In terms of limb dynamics, the results 
of this dissertation initially appear to be in conflict with the dynamic dominance theory, 
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as the matching movements made in experiments 1 (Chapter 2) and 2 (Chapter 3), which 
relied on dynamic proprioceptive feedback largely showed no arm differences in terms of 
kinematics. However, it should be noted that in the present study active movements of the 
subject were constrained to only the elbow joint and, thus, the need to control of inter-
segmental dynamics was negated. In this case, it may not be possible to compare the 
present results with those favouring a dynamic dominance hypothesis, as the two best 
indicators to date of a preferred arm advantage for controlling arm trajectory (i.e. initial 
target direction and the efficiency of inter-segmental torques) were not applicable to these 
dissertation studies. 
 With respect to the accuracy of obtaining final arm positions, the results of 
experiment 1 (Chapter 2) contrasted those of the dynamic dominance hypothesis by 
suggesting a link between target accuracy and the type of feedback available during the 
matching movement. Specifically, when the target was visual in nature, a preferred arm 
advantage was seen, as has been shown in numerous other studies of visually-guided 
reaching (e.g. Woodworth 1899; Todor and Cisneros 1985; Roy et al. 1994). In contrast, 
the ability to match a target location based on proprioceptive feedback showed enhanced 
performance for the non-preferred arm, presumably due to a right hemisphere advantage 
for proprioceptive feedback processing. Based on these findings, it can be suggested that 
the non-preferred arm advantages previously described under the dynamic dominance 
hypothesis might reflect an emphasis on proprioceptive feedback for, at least, the non-
preferred arm. Interestingly, in studies addressing the dynamic dominance hypothesis, 
visual feedback has only been provided regarding fingertip location and target position 
increasing subjects’ reliance on proprioceptive feedback in order to monitor the otherwise 
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unseen arm. This might explain the non-preferred arm (right hemisphere) accuracy 
advantages that have been reported. 
 
Combining Theories – Current State of Handedness Thinking 
 While convenient, it is ultimately naïve to suggest that one theory versus another 
best describes the complex phenomenon that is human handedness. Rather, an integrated 
approach to the problem may provide the best characterization of upper limb asymmetries 
in sensorimotor behaviour. In this way, it would seem that right-handed humans, 
comprising the majority of the population, might be described as having two arms that 
are anatomically similar but that have evolved specialized control features to allow for 
enhanced bilateral motor performance. Specifically, given the increase in contralateral 
left hemisphere sensorimotor representation, the preferred right arm can be viewed as 
being more well suited for computationally challenging tasks such as those involving the 
manipulation of objects or interacting with the external environment. This processing 
advantage might, subsequently, manifest itself in movements that are faster and more 
efficient as has been shown in studies advocating a motor output hypothesis, as well as 
during the feedforward planning of multi-segmented reaching movements, as shown for 
the dynamic dominance and open loop theories of handedness. In addition, interacting 
with the external environment would also implicate vision versus proprioception as a key 
source of sensory feedback to locate and guide movements in external space. 
 In contrast to the preferred arm, the non-preferred arm/hemisphere system might 
alternatively be viewed as providing a support framework for the dexterous function of 
the preferred arm. In this case, the non-preferred arm would appear more specialized for 
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holding objects in a steady position as a basis for subsequent manipulation of that object 
by the preferred arm. The ability to hold a steady position would certainly require the use 
of sensory feedback as suggested by the open versus closed loop hypothesis in order to 
monitor arm position throughout a movement task. While the dynamic dominance 
hypothesis has shown that the non-preferred arm is enhanced for reaching a final target 
position, the sensory-feedback specific hypothesis suggested in this dissertation provides 
strong evidence that this non-preferred arm position monitoring is likely to be biased 
towards the proprioceptive modality. 
 
Limitations and Future Directions 
 
Do these Results Reflect Hemispheric Specialization? 
While it is tempting to infer hemispheric differences on the basis of the arm 
asymmetries seen in this dissertation, further studies employing various neuroimaging or 
clinical models of brain dysfunction would be of value in order to determine the 
particular role of the two hemispheres with respect to the processing of visual versus 
proprioceptive feedback. With respect to vision, it should be noted that, from an 
anatomical standpoint, the volume of the left occipital cortex, comprising the primary 
visual areas, is greater than the right occipital cortex in most right-handed individuals 
(Galaburda et al. 1978; Geschwind and Galaburda 1985). Further, this gross anatomical 
asymmetry has been associated with both an enhanced temporal resolution for the 
detection of visual targets (Nicholls 1994) and greater neural activation in response to 
light stimuli presented in the right hemifield (Hubel and Wiesel 1959; 1962; Crovitz 
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1964). Despite these findings, however, it has been difficult to assess the specific role of 
the left hemisphere regarding vision, as visual signals are most often represented in both 
hemispheres based on the anatomical arrangement of the nasal and temporal fibers arising 
from the optic nerves of the eyes. 
In contrast to the study of visual feedback processing, hemispheric differences in 
the utilization of proprioceptive feedback have been reported on several occasions. Using 
positron emission tomography, for example, Butler and colleagues (2004) found greater 
activation in the temporal-parietal areas of the right hemisphere during the performance 
proprioceptively-guided target movements. In addition, a study by Naito et al (2005) 
identified a number of areas in the right hemisphere including, especially, the primary 
somatosensory cortex in response to vibration induced illusions of movement. Taken 
together with the results of studies involving individual with unilateral brain lesions 
where large excisions of the right hemisphere resulted in decreased accuracy for the 
matching of proprioceptively-determined movement extent (Leonard and Milner 1991a; 
Leonard and Milner 1991b; Leonard and Milner 1995; Naito et al. 2005), there is strong 
evidence to suggest an enhanced role for the right hemisphere in proprioceptive feedback 
processing. 
 
Are there Single versus Multi-joint Differences? 
In the present dissertation, a single joint paradigm was used where elbow 
movements were restricted to the horizontal plane. How well these findings relate to 
more “natural”, unconstrained multi-joint movements made in three-dimensional space 
remains to be determined. It has been shown, however, that the central nervous system 
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can compensate for changes in interaction torques (Almeida et al 1995; Gribble and Ostry 
1999; Virji-Babul and Cooke 1995), movement extent and direction (Gordon et al 1994), 
and changes in gravitational forces (Virji-Babul et al 1994), as evidenced by invariance 
of movement characteristics. It might be expected , therefore, that the arm differences 
demonstrated in this dissertation for the utilization of visual versus proprioceptive 
feedback would, indeed, translate to the multijoint level. 
 
What about Left-handed Individuals? 
In this dissertation only right-handed individuals were studied and, thus, the 
applicability of these results to left-handed individuals is unknown. In general, left-
handers appear less lateralized and more variable than their right-handed counterparts, 
and are, therefore, not their simple genetic (McManus 1995) or behavioural inverse 
(Perelle and Ehrman 2005). In a recent study by Lenhard and Hoffmann (2007), the 
ability of left handed individuals to reach to visual targets with their unseen arm was 
assessed showing a non-preferred arm advantage in terms of constant but not variable 
error. In light of these initial findings then, it seems possible that some degree of non-
preferred arm advantage exists in the proprioceptively-guided matching of position 
independent of subject handedness. 
 
Implications of this Work 
 The most obvious implication of the results presented in this dissertation is 























Fig 5.2 – Sample tasks demonstrating a preferred right arm dependence on visual 




preferred versus non-preferred arm performance. When obtaining a target position, for 
example, visual feedback is likely to improve the accuracy of preferred arm movements, 
whereas propriopceptively-guided tasks may actually favour use of the non-preferred 
arm. In this case, the traditional view that the non-preferred arm is a less well practiced, 
clumsier version of the preferred arm must be called into question. Instead, both arms 
should be viewed as being specialized for different aspects of sensorimotor performance. 
To what extent this phenomenon reflects the fundamental roles of the preferred and non-
preferred arms during the performance of many activities of daily living remains unclear. 
However, given the use-dependent neural plasticity that is known to exist within the 
sensorimotor system (see Monfils et al. 2005 for review), it is possible the hemispheres 
may have evolved to more adequately deal with proprioceptive versus visual feedback. In 
this case, left hemisphere specialization for vision would allow greater interactions 
between the preferred arm and objects in the external environment. In contrast, 
specialization of the right hemisphere for proprioceptive feedback would be important for 
maintaining objects in a particular location outside of visual attention prior to them being 
manipulated by the preferred arm. Examples of activities demonstrating these roles for 
the two arms are provided in Fig 5.2.  
Lastly, the results of this dissertation may have important implications for the 
rehabilitation of individuals with unilateral brain injuries. Specifically, where the left 
cerebral hemisphere has been damaged, it might be expected that individuals will have 
reduced ability to control typical movements of the preferred arm that are visually-guided 
in nature. In contrast, where right hemisphere damage has occurred, the ability to monitor 
the non-preferred arm via proprioceptive feedback might be compromised. In this way, it 
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might be possible to develop training interventions that are tailored towards the sensory 
modality of greatest import to the affected arm/hemisphere. This contrasts the current 
approach to rehabilitative therapy where arm-specific interventions are rarely utilized in  
















































































































Please indicate your preference in the use of hands for the following activities by putting 
+ in the appropriate column. Where the preference is so strong that you would never try 
to use the other hand unless forced to, put ++. If any case you are really indifferent put + 


















































Adam A, De Luca CJ, Erim Z (1998) Hand dominance and motor unit firing behavior. J 
Neurophysiol 80: 1373-1382 
 
Adamo D, Martin BJ, Brown SH (2007) Age-related differences in upper limb 
proprioceptive acuity. Percept Mot Skills 104: 1297-1309 
 
Adamovich SV, Berkinblit MB, Fookson O, Poizner H (1998) Pointing in 3D space to 
remembered targets. I. Kinesthetic versus visual target presentation. J 
Neurophysiol 79: 2833-2846 
 
Adamovich SV, Berkinblit MB, Fookson O, Poizner H (1999) Pointing in 3D space to 
remembered targets. II. Effects of movement speed toward kinesthetically defined 
targets. Exp Brain Res 125: 200-210 
 
Aimonetti JM, Morin D, Schmied A, Vedel JP, Pagni S (1999) Proprioceptive control of 
wrist extensor motor units in humans: dependence on handedness. Somatosens 
Mot Res 16: 11-29 
 
Amunts K, Jancke L, Mohlberg H, Steinmetz H, Zilles K (2000) Interhemispheric 
asymmetry of the human motor cortex related to handedness and gender. 
Neuropsychologia 38: 304-312 
 
Amunts K, Schlaug G, Schleicher A, Steinmetz H, Dabringhaus A, Roland PE, Zilles K 
(1996) Asymmetry in the human motor cortex and handedness. Neuroimage 4: 
216-222 
 
Angel RW, Malenka RC (1982) Velocity-dependent suppression of cutaneous sensitivity 
during movement. Exp Neurol 77: 266-274 
 
Annett J, Annett M, Hudson PT, Turner A (1979) The control of movement in the 
preferred and non-preferred hands. Q J Exp Psychol 31: 641-652 
 
Annett M (1972) The distribution of manual asymmetry. Br J Psychol 63: 343-358 
 
Annett M (1978) Genetic and nongenetic influences on handedness. Behav Genet 8: 227-
249 
 
Annett M (1985) Left, right, hand and brain: The right shift theory. Erlbaum, London 
 
Annett M (1998) Handedness and cerebral dominance: the right shift theory. J 
Neuropsychiatry Clin Neurosci 10: 459-469 
 
Armstrong CA, Oldham JA (1999) A comparison of dominant and non-dominant hand 
strengths. J Hand Surg [Br] 24: 421-425 
 
129 
Bagesteiro LB, Sainburg RL (2002) Handedness: dominant arm advantages in control of 
limb dynamics. J Neurophysiol 88: 2408-2421 
 
Bagesteiro LB, Sainburg RL (2003) Nondominant arm advantages in load compensation 
during rapid elbow joint movements. J Neurophysiol 90: 1503-1513 
 
Bagesteiro LB, Sarlegna FR, Sainburg RL (2006) Differential influence of vision and 
proprioception on control of movement distance. Exp Brain Res 171: 358-370 
 
Bakan P, Dibb G, Reed P (1973) Handedness and birth stress. Neuropsychologia 11: 363-
366 
 
Barthelemy S, Boulinguez P (2001) Manual reaction time asymmetries in human 
subjects: the role of movement planning and attention. Neurosci Lett 315: 41-44 
 
Baud-Bovy G, Viviani P (1998) Pointing to kinesthetic targets in space. J Neurosci 18: 
1528-1545 
 
Beukelaar LJ, Kroonenberg PM (1986) Changes over time in the relationship between 
hand preference and writing hand among left-handers. Neuropsychologia 24: 301-
303 
 
Bianconi R, van der Meulen J (1963) The response to vibration of the end organs of 
mammalian muscle spindles. J Neurophysiol 26: 177-190 
 
Boulinguez P, Nougier V (1999) Control of goal-directed movements: the contribution of 
orienting of visual attention and motor preparation. Acta Psychol (Amst) 103: 21-
45 
 
Boulinguez P, Nougier V, Velay JL (2001) Manual asymmetries in reaching movement 
control. I: Study of right-handers. Cortex 37: 101-122 
 
Bradshaw JL, Rogers LJ (1996) Tool use and the evolutionary development of manual 
asymmetry. In: Elliot DA, Roy EA (eds) Motor Asymmetries in Motor 
Performance. CRC Press, Boca Raton, pp 33-54 
 
Brinkman J, Kuypers HG, Lawrence DG (1970) Ipsilateral and contralateral eye-hand 
control in split-brain rhesus monkeys. Brain Res 24: 559 
 
Britton TC, Meyer BU, Benecke R (1991) Central motor pathways in patients with mirror 
movements. J Neurol Neurosurg Psychiatry 54: 505-510 
 
Broca P (1861) Remarques sur le siege de la faculte du langage articule, suivies d'une 
observation d'aphemie. Bull Soc Anat: 398-407 
 
130 
Brouwer B, Sale MV, Nordstrom MA (2001) Asymmetry of motor cortex excitability 
during a simple motor task: relationships with handedness and manual 
performance. Exp Brain Res 138: 467-476 
 
Brown SH, Cooke JD (1981a) Amplitude- and instruction-dependent modulation of 
movement-related electromyogram activity in humans. J Physiol 316: 97-107 
 
Brown SH, Cooke JD (1981b) Responses to force perturbations preceding voluntary 
human arm movements. Brain Res 220: 350-355 
 
Brown SH, Cooke JD (1984) Initial agonist burst duration depends on movement 
amplitude. Exp Brain Res 55: 523-527 
 
Brown SH, Cooke JD (1986) Initial agonist burst is modified by perturbations preceding 
movement. Brain Res 377: 311-322 
 
Brown SH, Cooke JD (1990) Movement-related phasic muscle activation. I. Relations 
with temporal profile of movement. J Neurophysiol 63: 455-464 
 
Bryden MP, Bulman-Fleming MB, MacDonald V (1996) The measurement of 
handedness and its relation to neuropsychological issues. In: Elliot DA, Roy EA 
(eds) Manual Asymmetries in Motor Performance. CRC Press, Boca Raton, pp 
57-81 
 
Burgess PR, Wei JY, Clark FJ, Simon J (1982) Signaling of kinesthetic information by 
peripheral sensory receptors. Annu Rev Neurosci 5: 171-187 
 
Burke D, Hagbarth KE, Lofstedt L, Wallin BG (1976a) The responses of human muscle 
spindle endings to vibration during isometric contraction. J Physiol 261: 695-711 
 
Burke D, Hagbarth KE, Lofstedt L, Wallin BG (1976b) The responses of human muscle 
spindle endings to vibration of non-contracting muscles. J Physiol 261: 673-693 
 
Butler AJ, Fink GR, Dohle C, Wunderlich G, Tellmann L, Seitz RJ, Zilles K, Freund HJ 
(2004) Neural mechanisms underlying reaching for remembered targets cued 
kinesthetically or visually in left or right hemispace. Hum Brain Mapp 21: 165-
177 
 
Cantello R, Gianelli M, Civardi C, Mutani R (1991) Magnetic brain stimulation: the 
silent period after the motor evoked potential. Neurology 42: 1951-1959 
Carlton LG (1981) Processing visual feedback information for movement control. J Exp 
Psychol Hum Percept Perform 7: 1019-1030 
 
Carson RG, Chua R, Goodman D, Byblow WD, Elliott D (1995) The preparation of 
aiming movements. Brain Cogn 28: 133-154 
 
131 
Carson RG, Elliott D, Goodman D, Dickinson J (1990) Manual asymmetries in the 
reproduction of a 3-dimensional spatial location. Neuropsychologia 28: 99-103 
 
Carson RG, Elliott D, Goodman D, Thyer L, Chua R, Roy EA (1993) The role of impulse 
variability in manual aiming asymmetries. Psychological Res 55: 297-298 
 
Chapman CD, Heath MD, Westwood DA, Roy EA (2001) Memory for kinesthetically 
defined target location: evidence for manual asymmetries. Brain Cogn 46: 62-66 
 
Chen R, Cohen LG, Hallett M (1997) Role of the ipsilateral motor cortex in voluntary 
movement. Can J Neurol Sci 24: 284-291 
 
Chieffi S, Conson M, Carlomagno S (2004) Movement velocity effects on kinaesthetic 
localisation of spatial positions. Exp Brain Res 158: 421-426 
 
Cicinelli P, Traversa R, Bassi A, Scivoletto G, Rossini PM (1997) Interhemispheric 
differences of hand muscle representation in human motor cortex. Muscle Nerve 
20: 535-542 
 
Civardi C, Cavalli A, Naldi P, Varrasi C, Cantello R (2000) Hemispheric asymmetries of 
cortico-cortical connections in human hand motor areas. Clin Neurophysiol 111: 
624-629 
 
Colburne KA, Kaplan BJ, Crawford SG, McLeod DR (1993) Hand asymmetry: Its 
relationship to nonrighthandedness. J Clin Exp Neuropsychol 15: 67-73 
 
Colley A (1984) Spatial location judgements by right and left-handers. Cortex 20: 47-53 
 
Collins DF, Cameron T, Gillard DM, Prochazka A (1998) Muscular sense is attenuated 
when humans move. J Physiol 508 ( Pt 2): 635-643 
 
Cooke JD, Brown SH (1994) Movement-related phasic muscle activation. III. The 
duration of phasic agonist activity initiating movement. Exp Brain Res 99: 473-
482 
 
Cordo P, Bevan L, Gurfinkel V, Carlton L, Carlton M, Kerr G (1995a) Proprioceptive 
coordination of discrete movement sequences: mechanism and generality. Can J 
Physiol Pharmacol 73: 305-315 
 
Cordo P, Carlton L, Bevan L, Carlton M, Kerr GK (1994) Proprioceptive coordination of 
movement sequences: role of velocity and position information. J Neurophysiol 
71: 1848-1861 
 
Cordo P, Gurfinkel VS, Bevan L, Kerr GK (1995b) Proprioceptive consequences of 
tendon vibration during movement. J Neurophysiol 74: 1675-1688 
 
132 
Cordo PJ (1990) Kinesthetic control of a multijoint movement sequence. J Neurophysiol 
63: 161-172 
 
Coren S (1993) The Left-hander Syndrome: the Causes and Consequences of Left-
handedness. Vintage Books, New York 
 
Coren S (1996) Pathological Causes and Consequences of Left-Handedness. In: Elliott D, 
Roy EA (eds) Manual Asymmetries in Motor Performance. CRC Press, Boca 
Raton, FL, pp 83-98 
 
Coren S, Halpern DF (1991) Left-handedness: a marker for decreased survival fitness. 
Psychol Bull 109: 90-106 
 
Coren S, Porac C (1977) Fifty centuries of right-handedness: the historical record. 
Science 198: 631-632 
 
Crosby CA, Wehbe MA, Mawr B (1994) Hand strength: normative values. J Hand Surg 
[Am] 19: 665-670 
 
Crovitz HF (1964) Retinal Locus in Tachistoscopic Binocular Color Rivalry. Percept Mot 
Skills 19: 808-810 
 
Darling WG (1991) Perception of forearm angles in 3-dimensional space. Exp Brain Res 
87: 445-456 
 
Dart R (1949) The predatory implemental technique of Australopithecus. Am J Phys 
Anthropol 7: 1-38 
 
Dassonville P, Zhu XH, Uurbil K, Kim SG, Ashe J (1997) Functional activation in motor 
cortex reflects the direction and the degree of handedness. Proc Natl Acad Sci U S 
A 94: 14015-14018 
 
Dellatolas G, Luciani S, Castresana A, Remy C, Jallon P, Laplane D, Bancaud J (1993) 
Pathological left-handedness. Left-handedness correlatives in adult epileptics. 
Brain 116 ( Pt 6): 1565-1574 
 
Dellatolas G, Tubert P, Castresana A, Mesbah M, Giallonardo T, Lazaratou H, Lellouch J 
(1991) Age and cohort effects in adult handedness. Neuropsychologia 29: 255-
261 
 
Derakhshan I (2002) Ipsilateral, but via the callosum: a technical definition of 
handedness. Arch Phys Med Rehabil 83: 733; author reply 733-734 
 
Derakhshan I (2003) Why nondominant hand movements cause bilateral cortical 
activation in emission imaging. Stroke 34: 3-4; author reply 3-4 
 
133 
Derakhshan I (2005) Laterality of motor control revisited: directionality of callosal traffic 
and its rehabilitative implications. Top Stroke Rehabil 12: 76-82 
 
Desmurget M, Grafton S (2000) Forward modeling allows feedback control for fast 
reaching movements. Trends Cogn Sci 4: 423-431 
 
Djupsjobacka M, Domkin D (2005) Correlation analysis of proprioceptive acuity in 
ipsilateral position-matching and velocity-discrimination. Somatosens Mot Res 
22: 85-93 
 
Edin BB, Abbs JH (1991) Finger movement responses of cutaneous mechanoreceptors in 
the dorsal skin of the human hand. J Neurophysiol 65: 657-670 
 
Edin BB, Vallbo AB (1988) Stretch sensitization of human muscle spindles. J Physiol 
400: 101-111 
 
Edin BB, Vallbo AB (1990) Dynamic response of human muscle spindle afferents to 
stretch. J Neurophysiol 63: 1297-1306 
 
Edwards JM, Elliott D (1989) Asymmetries in intermanual transfer of training and motor 
overflow in adults with Down's syndrome and nonhandicapped children. J Clin 
Exp Neuropsychol 11: 959-966 
 
Efron R (1990) The decline and fall of hemispheric specialization. Erlbaum, Hillsdale, NJ 
Elliott D, Binsted G, Heath M (1999a) The control of goal-directed limb movements: 
Correcting errors in the trajectory. Hum Mov Sci 18: 121-136 
 
Elliott D, Heath M, Binsted G, Ricker KL, Roy EA, Chua R (1999b) Goal-Directed 
Aiming: Correcting a Force-Specification Error With the Right and Left Hands. J 
Mot Behav 31: 309-324 
 
Elliott D, Lyons J, Chua R, Goodman D, Carson RG (1995) The influence of target 
perturbation on manual aiming asymmetries in right-handers. Cortex 31: 685-697 
 
Ellis SJ, Ellis PJ, Marshall E (1988) Hand preference in a normal population. Cortex 24: 
157-163 
 
Fabri M, Polonara G, Del Pesce M, Quattrini A, Salvolini U, Manzoni T (2001) Posterior 
corpus callosum and interhemispheric transfer of somatosensory information: an 
fMRI and neuropsychological study of a partially callosotomized patient. J Cogn 
Neurosci 13: 1071-1079 
 
Falzi G, Perrone P, Vignolo LA (1982) Right-left asymmetry in anterior speech region. 
Arch Neurol 39: 239-240 
 
134 
Farthing JP, Chilibeck PD, Binsted G (2005) Cross-education of arm muscular strength is 
unidirectional in right-handed individuals. Med Sci Sports Exerc 37: 1594-1600 
 
Fein D, Humes M, Kaplan E, Lucci D, Waterhouse L (1984) The question of left 
hemisphere dysfunction in infantile autism. Psychol Bull 95: 258-281 
 
Ferrell WR, Craske B (1992) Contribution of joint and muscle afferents to position sense 
at the human proximal interphalangeal joint. Exp Physiol 77: 331-342 
 
Ferrell WR, Gandevia SC, McCloskey DI (1987) The role of joint receptors in human 
kinaesthesia when intramuscular receptors cannot contribute. J Physiol 386: 63-71 
 
Ferrell WR, Smith A (1988) Position sense at the proximal interphalangeal joint of the 
human index finger. J Physiol 399: 49-61 
 
Fishbach A, Roy SA, Bastianen C, Miller LE, Houk JC (2007) Deciding when and how 
to correct a movement: discrete submovements as a decision making process. Exp 
Brain Res 177: 45-63 
 
Fisk JD, Goodale MA (1985) The organization of eye and limb movements during 
unrestricted reaching to targets in contralateral and ipsilateral visual space. Exp 
Brain Res 60: 159-178 
 
Fisk JD, Goodale MA (1988) The effects of unilateral brain damage on visually guided 
reaching: hemispheric differences in the nature of the deficit. Exp Brain Res 72: 
425-235 
 
Fitts PM (1954) The information capacity of the human motor system in controlling the 
amplitude of movement. J Exp Psychol 47: 381-391 
 
Flash T, Hogan N (1985) The coordination of arm movements: an experimentally 
confirmed mathematical model. J Neurosci 5: 1688-1703 
 
Flechsig PE (1876) Die lietungsbahnen im gehirn und ruckenmark des menschen auf 
grund entwickelungsgeschichlicher untersuchungen. Leipzig 
 
Flowers K (1975) Handedness and controlled movement. Br J Psychol 66: 39-52 
 
Francks C, Fisher SE, MacPhie IL, Richardson AJ, Marlow AJ, Stein JF, Monaco AP 
(2002) A genomewide linkage screen for relative hand skill in sibling pairs. Am J 
Hum Genet 70: 800-805 
 
Friel KM, Drew T, Martin JH (2007) Differential activity-dependent development of 
corticospinal control of movement and final limb position during visually guided 
locomotion. J Neurophysiol 97: 3396-3406 
 
135 
Friel KM, Martin JH (2005) Role of sensory-motor cortex activity in postnatal 
development of corticospinal axon terminals in the cat. J Comp Neurol 485: 43-56 
 
Fugl-Meyer AR, Eriksson A, Sjostrom M, Soderstrom G (1982) Is muscle structure 
influenced by genetical or functional factors? A study of three forearm muscles. 
Acta Physiol Scand 114: 277-281 
 
Galaburda AM, LeMay M, Kemper TL, Geschwind N (1978) Right-left asymmetrics in 
the brain. Science 199: 852-856 
 
Gandevia SC, McCloskey DI, Burke D (1992) Kinaesthetic signals and muscle 
contraction. Trends Neurosci 15: 62-65 
 
Gandevia SC, Refshauge KM, Collins DF (2002) Proprioception: peripheral inputs and 
perceptual interactions. Adv Exp Med Biol 508: 61-68 
 
Geschwind DH, Miller BL (2001) Molecular approaches to cerebral laterality: 
development and neurodegeneration. Am J Med Genet 101: 370-381 
 
Geschwind N, Galaburda AM (1985) Cerebral lateralization. Biological mechanisms, 
associations, and pathology: I. A hypothesis and a program for research. Arch 
Neurol 42: 428-459 
 
Geschwind N, Levitsky W (1968) Human brain: left-right asymmetries in temporal 
speech region. Science 161: 186-187 
 
Ghacibeh GA, Mirpuri R, Drago V, Jeong Y, Heilman KM, Triggs WJ (2007) Ipsilateral 
motor activation during unimanual and bimanual motor tasks. Clin Neurophysiol 
118: 325-332 
 
Giblin DR (1964) Somatosensory Evoked Potentials in Healthy Subjects and in Patients 
with Lesions of the Nervous System. Ann N Y Acad Sci 112: 93-142 
 
Gilbert AN, Wysocki CJ (1992) Hand preference and age in the United States. 
Neuropsychologia 30: 601-608 
 
Goble DJ, Brown SH (2007) Task-dependent asymmetries in the utilization of 
proprioceptive feedback for goal-directed movement. Exp Brain Res  
 
Goble DJ, Lewis CA, Brown SH (2006) Upper limb asymmetries in the utilization of 
proprioceptive feedback. Exp Brain Res 168: 307-311 
 
Goble DJ, Lewis CA, Hurvitz EA, Brown SH (2005) Development of upper limb 
proprioceptive accuracy in children and adolescents. Hum Mov Sci 24: 155-170 
 
136 
Goodale MA, Westwood DA, Milner AD (2004) Two distinct modes of control for 
object-directed action. Prog Brain Res 144: 131-144 
 
Goodwin GM, McCloskey DI, Matthews PB (1972a) The contribution of muscle 
afferents to kinaesthesia shown by vibration induced illusions of movement and 
by the effects of paralysing joint afferents. Brain 95: 705-748 
 
Goodwin GM, McCloskey DI, Matthews PB (1972b) Proprioceptive illusions induced by 
muscle vibration: contribution by muscle spindles to perception? Science 175: 
1382-1384 
 
Gottlieb GL (1998) Muscle activation patterns during two types of voluntary single-joint 
movement. J Neurophysiol 80: 1860-1867 
 
Gottlieb GL, Corcos DM, Agarwal GC, Latash ML (1990) Organizing principles for 
single joint movements. III. Speed-insensitive strategy as a default. J 
Neurophysiol 63: 625-636 
 
Graff-Radford NR, Welsh K, Godersky J (1987) Callosal apraxia. Neurology 37: 100-105 
Green MF, Satz P, Smith C, Nelson L (1989) Is there atypical handedness in 
schizophrenia? J Abnorm Psychol 98: 57-61 
 
Grill SE, Hallett M (1995) Velocity sensitivity of human muscle spindle afferents and 
slowly adapting type II cutaneous mechanoreceptors. J Physiol 489 ( Pt 2): 593-
602 
 
Haaland KY, Cleeland CS, Carr D (1977) Motor performance after unilateral hemisphere 
damage in patients with tumor. Arch Neurol 34: 556-559 
 
Haaland KY, Delaney HD (1981) Motor deficits after left or right hemisphere damage 
due to stroke or tumor. Neuropsychologia 19: 17-27 
 
Haaland KY, Harrington D (1989a) The role of the hemispheres in closed loop 
movements. Brain Cogn 9: 158-180 
 
Haaland KY, Harrington DL (1989b) Hemispheric control of the initial and corrective 
components of aiming movements. Neuropsychologia 27: 961-969 
 
Haaland KY, Harrington DL (1994) Limb-sequencing deficits after left but not right 
hemisphere damage. Brain Cogn 24: 104-122 
 
Haaland KY, Harrington DL (1996) Hemispheric asymmetry of movement. Curr Opin 
Neurobiol 6: 796-800 
 
Haaland KY, Prestopnik JL, Knight RT, Lee RR (2004) Hemispheric asymmetries for 
kinematic and positional aspects of reaching. Brain 127: 1145-1158 
137 
 
Hagbarth KE, Vallbo AB (1968) Discharge characteristics of human muscle afferents 
during muscle stretch and contraction. Exp Neurol 22: 674-694 
 
Halpern DF, Coren S (1988) Do right-handers live longer? Nature 333: 213 
 
Hammond G (2002) Correlates of human handedness in primary motor cortex: a review 
and hypothesis. Neurosci Biobehav Rev 26: 285-292 
 
Hanna-Pladdy B, Mendoza JE, Apostolos GT, Heilman KM (2002) Lateralised motor 
control: hemispheric damage and the loss of deftness. J Neurol Neurosurg 
Psychiatry 73: 574-577 
 
Harrington DL, Haaland KY, Knight RT (1998) Cortical networks underlying 
mechanisms of time perception. J Neurosci 18: 1085-1095 
 
Harris CM, Wolpert DM (1998) Signal-dependent noise determines motor planning. 
Nature 394: 780-784 
 
Harris LJ (1990) Cultural influences on handedness: Historical and contemporary theory 
and evidence. In: Coren S (ed) Left-Handedness: Behavioral Implications and 
Anomalies. Advances in Psychology, vol 67. North-Holland, Amsterdam, p 195 
 
Hatta T, Nakatsuka Z (1976) Note on hand preference of Japanese people. Percept Mot 
Skills 42: 530 
 
Heath M, Roy EA (2000) The expression of manual asymmetries following extensive 
training of the nondominant hand: a kinematic perspective. Brain Cogn 43: 252-
257 
 
Hellige JB (1983) Cerebral hemisphere asymmetry: method, theory and application. 
Praeger, New York 
 
Helsen H (1930) The Tau effect - an example of psychological relativity. Science 71: 
536-537 
 
Helsen H, King SM (1931) The Tau effect: An example of psychological relativity. J Exp 
Psychol 14: 202-217 
 
Hollins M, Goble AK (1988) Perception of the length of voluntary movements. 
Somatosens Res 5: 335-348 
 
Honda H (1982) Rightward superiority of eye movements in a bimanual aiming task. Q J 




Honda H (1984) Functional between-hand differences and outflow eye position 
information. Q J Exp Psychol A 36: 75-88 
 
Hopkins WD (2006) Comparative and familial analysis of handedness in great apes. 
Psychol Bull 132: 538-559 
 
Houk J, Henneman E (1967) Responses of Golgi tendon organs to active contractions of 
the soleus muscle of the cat. J Neurophysiol 30: 466-481 
 
Hubel DH, Wiesel TN (1959) Receptive fields of single neurones in the cat's striate 
cortex. J Physiol 148: 574-591 
 
Hubel DH, Wiesel TN (1962) Receptive fields, binocular interaction and functional 
architecture in the cat's visual cortex. J Physiol 160: 106-154 
 
Ida Y, Bryden MP (1996) Acomparison of hand preference in Japan and Canada. Can J 
Experimental Psychol 50: 234-239 
 
Imanaka K, Abernethy B (1992a) Cognitive strategies and short-term memory for 
movement distance and location. Q J Exp Psychol A 45: 669-700 
 
Imanaka K, Abernethy B (1992b) Interference Between Location and Distance 
Information in Motor Short-Term Memory: The Respective Roles of Direct 
Kinesthetic Signals and Abstract Codes. J Mot Behav 24: 274-280 
 
Incel NA, Ceceli E, Durukan PB, Erdem HR, Yorgancioglu ZR (2002) Grip strength: 
effect of hand dominance. Singapore Med J 43: 234-237 
 
Jami L (1992) Golgi tendon organs in mammalian skeletal muscle: functional properties 
and central actions. Physiol Rev 72: 623-666 
 
Jansen A, Lohmann H, Scharfe S, Sehlmeyer C, Deppe M, Knecht S (2007) The 
association between scalp hair-whorl direction, handedness and hemispheric 
language dominance: is there a common genetic basis of lateralization? 
Neuroimage 35: 853-861 
 
Jansen JK, Matthews PB (1962a) The central control of the dynamic response of muscle 
spindle receptors. J Physiol 161: 357-378 
 
Jansen JK, Matthews PB (1962b) The effects of fusimotor activity on the static 
responsiveness of primary and secondary endings of muscle spindles in the 
decerebrate cat. Acta Physiol Scand 55: 376-386 
 
Jeannerod M, Paulignan Y, Weiss P (1998) Grasping an object: one movement, several 
components. Novartis Found Symp 218: 5-16; discussion 16-20 
 
139 
Kagerer FA, Wittmann M, Szelag E, Steinbuchel N (2002) Cortical involvement in 
temporal reproduction: evidence for differential roles of the hemispheres. 
Neuropsychologia 40: 357-366 
 
Kawato M (1999) Internal models for motor control and trajectory planning. Current 
Opinion in Neurobiology 9: 718-727 
 
Kawato M, Wolpert D (1998) Internal models for motor control. Novartis Found Symp 
218: 291-304; discussion 304-297 
 
Kerr GK, Worringham CJ (2002) Velocity perception and proprioception. Adv Exp Med 
Biol 508: 79-86 
 
Kertesz A, Black SE, Polk M, Howell J (1986) Cerebral asymmetries on magnetic 
resonance imaging. Cortex 22: 117-127 
 
Kertesz A, Geschwind N (1971) Patterns of pyramidal decussation and their relationship 
to handedness. Arch Neurol 24: 326-332 
 
Ketcham CJ, Seidler RD, Van Gemmert AW, Stelmach GE (2002) Age-related kinematic 
differences as influenced by task difficulty, target size, and movement amplitude. 
J Gerontol B Psychol Sci Soc Sci 57: P54-64 
 
Kim SG, Ashe J, Hendrich K, Ellermann JM, Merkle H, Ugurbil K, Georgopoulos AP 
(1993) Functional magnetic resonance imaging of motor cortex: hemispheric 
asymmetry and handedness. Science 261: 615-617 
 
Klar AJ (2003) Human handedness and scalp hair-whorl direction develop from a 
common genetic mechanism. Genetics 165: 269-276 
 
Knox JJ, Coppieters MW, Hodges PW (2006) Do you know where your arm is if you 
think your head has moved? Exp Brain Res  
 
Knox JJ, Hodges PW (2005) Changes in head and neck position affect elbow joint 
position sense. Exp Brain Res 165: 107-113 
 
Kobayashi M, Hutchinson S, Schlaug G, Pascual-Leone A (2003) Ipsilateral motor cortex 
activation on functional magnetic resonance imaging during unilateral hand 
movements is related to interhemispheric interactions. Neuroimage 20: 2259-2270 
 
Koch G, Oliveri M, Torriero S, Caltagirone C (2003) Underestimation of time perception 
after repetitive transcranial magnetic stimulation. Neurology 60: 1844-1846 
 
Krigolson O, Heath M (2004) Background visual cues and memory-guided reaching. 
Hum Mov Sci 23: 861-877 
 
140 
Krings T, Buchbinder BR, Butler WE, Chiappa KH, Jiang HJ, Cosgrove GR, Rosen BR 
(1997) Functional magnetic resonance imaging and transcranial magnetic 
stimulation: complementary approaches in the evaluation of cortical motor 
function. Neurology 48: 1406-1416 
 
Kurian G, Sharma NK, Santhakumari K (1989) Left-arm dominance in active 
positioning. Percept Mot Skills 68: 1312-1314 
 
Lateiner JE, Sainburg RL (2003) Differential contributions of vision and proprioception 
to movement accuracy. Exp Brain Res 151: 446-454 
 
Lee D, Port NL, Georgopoulos AP (1997) Manual interception of moving targets. II. On-
line control of overlapping submovements. Exp Brain Res 116: 421-433 
 
Lee RG, White DG (1974) Modification of the human somatosensory evoked response 
during voluntary movement. Electroencephalogr Clin Neurophysiol 36: 53-62 
LeMay M (1976) Morphological cerebral asymmetries of modern man, fossil man, and 
nonhuman primate. Ann N Y Acad Sci 280: 349-366 
 
Lemay M, Gagnon S, Proteau L (2004) Manual pointing to remembered targets...but also 
in a remembered visual context. Acta Psychol (Amst) 117: 139-153 
Lemay M, Kido DK (1978) Asymmetries of the cerebral hemispheres on computed 
tomograms. J Comput Assist Tomogr 2: 471-476 
 
Lemay M, Proteau L (2001) A distance effect in a manual aiming task to remembered 
targets: a test of three hypotheses. Exp Brain Res 140: 357-368 
 
Lenhard A, Hoffmann J (2007) Constant error in aiming movements without visual 
feedback is higher in the preferred hand. Laterality 12: 227-238 
 
Leonard G, Milner B (1991a) Contribution of the right frontal lobe to the encoding and 
recall of kinesthetic distance information. Neuropsychologia 29: 47-58 
 
Leonard G, Milner B (1991b) Recall of the end-position of examiner-defined arm 
movements by patients with frontal- or temporal-lobe lesions. Neuropsychologia 
29: 629-640 
 
Leonard G, Milner B (1995) Recall of self-generated arm movements by patients with 
unilateral cortical excisions. Neuropsychologia 33: 611-622 
 
Liepmann H (1908) Die linke hemisphere und das handeln. In: Drei Aufsatze aus dem 
Apraxiefebiet. Karger, Berlin, pp 17-50 
 




Lonn J, Crenshaw AG, Djupsjobacka M, Pedersen J, Johansson H (2000) Position sense 
testing: influence of starting position and type of displacement. Arch Phys Med 
Rehabil 81: 592-597 
 
Lonn J, Djupsjobacka M, Johansson H (2001) Replication and discrimination of limb 
movement velocity. Somatosens Mot Res 18: 76-82 
 
Lynn B (1975) Somatosensory receptors and their CNS connections. Annu Rev Physiol 
37: 105-127 
 
Macdonell RA, Shapiro BE, Chiappa KH, Helmers SL, Cros D, Day BJ, Shahani BT 
(1991) Hemispheric threshold differences for motor evoked potentials produced 
by magnetic coil stimulation. Neurology 41: 1441-1444 
 
Marchant LF, McGrew WC, Eibl-Eibesfeldt I (1995) Is human handedness universal? 
Ethiological analyses from three traditional cultures. Ethiology 101: 239 
 
Marteniuk RG (1973) Retention characteristics of motor short-term memory cues. J Mot 
Behav 5: 249-259 
 
Marteniuk RG, Shields KW, Campbell S (1972) Amplitude, position, timing and velocity 
as cues in reproduction of movement. Percept Mot Skills 35: 51-58 
 
Martin JH, Friel KM, Salimi I, Chakrabarty S (2007) Activity- and use-dependent 
plasticity of the developing corticospinal system. Neurosci Biobehav Rev 
  
Marzi CA, Bisiacchi P, Nicoletti R (1991) Is interhemispheric transfer of visuomotor 
information asymmetric? Evidence from a meta-analysis. Neuropsychologia 29: 
1163-1177 
 
Matthews PB (1964) Muscle Spindles and Their Motor Control. Physiol Rev 44: 219-288 
Matthews PB (1982) Where does Sherrington's "muscular sense" originate? Muscles, 
joints, corollary discharges? Annu Rev Neurosci 5: 189-218 
 
Ma-Wyatt A, McKee SP (2006) Initial visual information determines endpoint precision 
for rapid pointing. Vision Res 46: 4675-4683 
 
Ma-Wyatt A, McKee SP (2007) Visual information throughout a reach determines 
endpoint precision. Exp Brain Res 179: 55-64 
 
McCloskey DI (1978) Kinesthetic sensibility. Physiol Rev 58: 763-820 
 
McIntyre J, Stratta F, Droulez J, Lacquaniti F (2000) Analysis of pointing errors reveals 
properties of data representations and coordinate transformations within the 
central nervous system. Neural Comput 12: 2823-2855 
 
142 
McManus IC (1995) Familial sinistrality: the utility of calculating exact genotype 
probabilities for individuals. Cortex 31: 3-24 
 
Merton PA (1964) Human position sense and sense of effort. Symp Soc Exp Biol 18: 
387-400 
 
Messier J, Adamovich S, Berkinblit M, Tunik E, Poizner H (2003) Influence of 
movement speed on accuracy and coordination of reaching movements to 
memorized targets in three-dimensional space in a deafferented subject. Exp 
Brain Res 150: 399-416 
 
Mieschke PE, Elliott D, Helsen WF, Carson RG, Coull JA (2001) Manual asymmetries in 
the preparation and control of goal-directed movements. Brain Cogn 45: 129-140 
 
Milner TE (1992) A model for the generation of movements requiring endpoint precision. 
Neuroscience 49: 487-496 
 
Milner TE, Ijaz MM (1990) The effect of accuracy constraints on three-dimensional 
movement kinematics. Neuroscience 35: 365-374 
 
Moberg E (1983) The role of cutaneous afferents in position sense, kinaesthesia, and 
motor function of the hand. Brain 106 (Pt 1): 1-19 
 
Monfils MH, Plautz EJ, Kleim JA (2005) In search of the motor engram: motor map 
plasticity as a mechanism for encoding motor experience. Neuroscientist 11: 471-
483 
 
Naito E, Roland PE, Grefkes C, Choi HJ, Eickhoff S, Geyer S, Zilles K, Ehrsson  HH 
(2005) Dominance of the right hemisphere and role of area 2 in human 
kinesthesia. Neurophysiol 93: 1020-1034 
 
Nathan PW, Smith MC, Deacon P (1990) The corticospinal tracts in man. Course and 
location of fibres at different segmental levels. Brain 113 ( Pt 2): 303-324 
 
Netz J, Ziemann U, Homberg V (1995) Hemispheric asymmetry of transcallosal 
inhibition in man. Exp Brain Res 104: 527-533 
 
Nicholls ME (1994) The non-contribution of attentional biases to visual field 
asymmetries for temporal discrimination. Neuropsychologia 32: 209-220 
 
Nishizawa S (1991) Different pattern of hemisphere specialization between identical 
kinesthetic spatial and weight discrimination tasks. Neuropsychologia 29: 305-
312 
 
Novak KE, Miller LE, Houk JC (2002) The use of overlapping submovements in the 
control of rapid hand movements. Exp Brain Res 144: 351-364 
143 
Nyberg-Hansen R, Rinvik E (1963) Some comments on the pyramidal tract, with special 
reference to its individual variations in man. Acta Neurol Scand 39: 1-30 
 
Okubo M, Nicholls ME (2005) Hemispheric asymmetry in temporal resolution: 
contribution of the magnocellular pathway. Psychon Bull Rev 12: 755-759 
 
Oldfield RC (1971) The assessment and analysis of handedness: the Edinburgh inventory. 
Neuropsychologia 9: 97-113 
 
Orr KG, Cannon M, Gilvarry CM, Jones PB, Murray RM (1999) Schizophrenic patients 
and their first-degree relatives show an excess of mixed-handedness. Schizophr 
Res 39: 167-176 
 
Paillard J, Brouchon M (1968) Active and passive movement in the calibration of 
position sense. The Neurophysiology of Spatially Oriented Behavior: 37-55 
 
Paillard J, Brouchon M (1974) A proprioceptive contribution to the spatial encoding of 
position cues for ballistic movements. Brain Res 71: 273-284 
 
Perelle IB, Ehrman L (2005) On the other hand. Behav Genet 35: 343-350 
 
Peters M (1976) Prolonged practice of a simple motor task by preferred and nonpreffered 
hands. Percept Mot Skills 42: 447-450 
 
Peters M, Durding B (1979) Left-handers and right-handers compared on a motor task. J 
Mot Behav 11: 103-111 
 
Petersen P, Petrick M, Connor H, Conklin D (1989) Grip strength and hand dominance: 
challenging the 10% rule. Am J Occup Ther 43: 444-447 
 
Pfann KD, Hoffman DS, Gottlieb GL, Strick PL, Corcos DM (1998) Common principles 
underlying the control of rapid, single degree-of-freedom movements at different 
joints. Exp Brain Res 118: 35-51 
 
Poffenberger AT (1912) Reaction time to retinal stimulation with special reference to the 
time lost in conduction through nervous centers. Archs Psychol 23: 73 
 
Porac C, Coren S (1976) The dominant eye. Psychol Bull 83: 880-897 
 
Porac C, Coren S (1978) Sighting dominance and binocular rivalry. Am J Optom Physiol 
Opt 55: 208-213 
 
Porac C, Coren S, Searleman A (1986) Environmental factors in hand preference 




Porac C, Rees L, Butler T (1990) Switching hands: Aplace for left hand use in a right 
hand world. In: Coren S (ed) Left-Handedness: Behavioral Implications and 
Anomalies. Advances in Psychology., vol 67. North-Holland, Amsterdam 
 
Prochazka A, Hulliger M (1998) The continuing debate about CNS control of 
proprioception. J Physiol 513 ( Pt 2): 315 
 
Provins KA (1956) Handedness and skill. Quart. J. exp. Psychol 8: 79-95 
 
Provins KA (1967) Handedness and motor skill. Med J Aust 2: 468-470 
 
Rains GD, Milner B (1994) Right-hippocampal contralateral-hand effect in the recall of 
spatial location in the tactual modality. Neuropsychologia 32: 1233-1242 
 
Riolo-Quinn L (1991) Relationship of hand preference to accuracy on a thumb-
positioning task. Percept Mot Skills 73: 267-273 
 
Rohrer B, Fasoli S, Krebs HI, Hughes R, Volpe B, Frontera WR, Stein J, Hogan N (2002) 
Movement smoothness changes during stroke recovery. J Neurosci 22: 8297-8304 
 
Roll JP, Vedel JP (1982) Kinaesthetic role of muscle afferents in man, studied by tendon 
vibration and microneurography. Exp Brain Res 47: 177-190 
 
Rossini PM, Zarola F, Stalberg E, Caramia M (1988) Pre-movement facilitation of 
motor-evoked potentials in man during transcranial stimulation of the central 
motor pathways. Brain Res 458: 20-30 
 
Rothwell JC, Traub MM, Day BL, Obeso JA, Thomas PK, Marsden CD (1982) Manual 
motor performance in a deafferented man. Brain 105 (Pt 3): 515-542 
 
Roy EA (1978) Role of preselection in memory for movement extent. J of Exp Psychol 4: 
397-408 
 
Roy EA, Elliott D (1986) Manual asymmetries in visually directed aiming. Can J Psychol 
40: 109-121 
 
Roy EA, Elliott D (1989) Manual asymmetries in aimed movements. Q J Exp Psychol 
41A: 501-516 
 
Roy EA, Kalbfleisch L, Elliott D (1994) Kinematic analyses of manual asymmetries in 
visual aiming movements. Brain Cogn 24: 289-295 
 
Roy EA, MacKenzie C (1978) Handedness effects in kinesthetic spatial location 
judgements. Cortex 14: 250-258 
 
145 
Sainburg RL (2002) Evidence for a dynamic-dominance hypothesis of handedness. Exp 
Brain Res 142: 241-258 
 
Sainburg RL (2005) Handedness: differential specializations for control of trajectory and 
position. Exerc Sport Sci Rev 33: 206-213 
 
Sainburg RL, Ghilardi MF, Poizner H, Ghez C (1995) Control of limb dynamics in 
normal subjects and patients without proprioception. J Neurophysiol 73: 820-835 
 
Sainburg RL, Kalakanis D (2000) Differences in control of limb dynamics during 
dominant and nondominant arm reaching. J Neurophysiol 83: 2661-2675 
 
Sainburg RL, Poizner H, Ghez C (1993) Loss of proprioception produces deficits in 
interjoint coordination. J Neurophysiol 70: 2136-2147 
 
Sainburg RL, Schaefer SY (2004) Interlimb differences in control of movement extent. J 
Neurophysiol 92: 1374-1383 
 
Sainburg RL, Wang J (2002) Interlimb transfer of visuomotor rotations: independence of 
direction and final position information. Exp Brain Res 145: 437-447 
 
Sarlegna FR, Sainburg RL (2006) The effect of target modality on visual and 
proprioceptive contributions to the control of movement distance. Exp Brain Res  
 
Schmidt RA, Zelaznik H, Hawkins B, Frank JS, Quinn JT, Jr. (1979) Motor-output 
variability: a theory for the accuracy of rapid motor acts. Psychol Rev 47: 415-
451 
 
Schmied A, Vedel JP, Pagni S (1994) Human spinal lateralization assessed from 
motoneurone synchronization: dependence on handedness and motor unit type. J 
Physiol 480 ( Pt 2): 369-387 
 
Seidler RD, Alberts JL, Stelmach GE (2002) Changes in multi-joint performance with 
age. Motor Control 6: 19-31 
 
Semenov SA (1964) Prehistoric Technology. Cory, McAdams and MacKay, London 
 
Serrien DJ, Ivry RB, Swinnen SP (2006) Dynamics of hemispheric specialization and 
integration in the context of motor control. Nat Rev Neurosci 7: 160-166 
 
Sherrington CS (1906) On the proprio-ceptive system, especially in its reflex aspects. 
Brain 29: 467-482 
 
Shultz R, Roy EA (1973) Absolute error: the devil in disguise. J Mot Behav 5: 141-153 
 
146 
Skoglund S (1956) Anatomical and physiological studies of knee joint innervation in the 
cat. Acta Physiol Scand Suppl 36: 1-101 
 
Sober SJ, Sabes PN (2003) Multisensory integration during motor planning. J Neurosci 
23: 6982-6992 
 
Sober SJ, Sabes PN (2005) Flexible strategies for sensory integration during motor 
planning. Nat Neurosci 8: 490-497 
 
Soechting JF (1984) Effect of target size on spatial and temporal characteristics of a 
pointing movement in man. Exp Brain Res 54: 121-132 
 
Soechting JF, Flanders M (1989a) Errors in pointing are due to approximations in 
sensorimotor transformations. J Neurophysiol 62: 595-608 
 
Soechting JF, Flanders M (1989b) Sensorimotor representations for pointing to targets in 
three-dimensional space. J Neurophysiol 62: 582-594 
 
Soechting JF, Lacquaniti F (1981) Invariant characteristics of a pointing movement in 
man. J Neurosci 1: 710-720 
 
Soper HV, Satz P, Orsini DL, Henry RR, Zvi JC, Schulman M (1986) Handedness 
patterns in autism suggest subtypes. J Autism Dev Disord 16: 155-167 
 
Sperry R, Gazzaniga MS, Bogen JE (1969) Interhemispheric relationships: the 
neocortical commissures; syndromes of hemisphere disconnection. In: Vinken PJ, 
Bruyn GW (eds) Handbook of Clinical Neurology, vol 4. North-Holland, 
Amsterdam, pp 273-290 
 
Steinmetz H (1996) Structure, functional and cerebral asymmetry: in vivo morphometry 
of the planum temporale. Neurosci Biobehav Rev 20: 587-591 
 
Steinmetz H, Volkmann J, Jancke L, Freund HJ (1991) Anatomical left-right asymmetry 
of language-related temporal cortex is different in left- and right-handers. Ann 
Neurol 29: 315-319 
 
Stucchi N, Viviani P (1993) Cerebral dominance and asynchrony between bimanual two-
dimensional movements. J Exp Psychol Hum Percept Perform 19: 1200-1220 
 
Swinnen SP, Jardin K, Meulenbroek R (1996) Between-limb asynchronies during 
bimanual coordination: effects of manual dominance and attentional cueing. 
Neuropsychologia 34: 1203-1213 
 
Tan U (1989a) The H-reflex recovery curve from the wrist flexors: lateralization of 
motoneuronal excitability in relation to handedness in normal subjects. Int J 
Neurosci 48: 271-284 
147 
Tan U (1989b) Lateralization of the Hoffmann reflex from the long flexor thumb muscle 
in right- and left-handed normal subjects. Int J Neurosci 48: 313-315 
 
Taylor HG, Heilman KM (1980) Left-hemisphere motor dominance in righthanders. 
Cortex 16: 587-603 
 
Todor JI, Cisneros J (1985) Accommodation to increased accuracy demands by the right 
and left hands. J Mot Behav 17: 355-372 
 
Todor JI, Doane T (1978) Handedness and hemispheric asymmetry in the control of 
movements. J Mot Behav 10: 295-300 
 
Todor JI, Kyprie PM (1980) Hand differences in the rate and variability of rapid tapping. 
J Mot Behav 12: 57-62 
 
Todor JI, Kyprie PM, Price HL (1982) Lateral asymmetries in arm, wrist and finger 
movements. Cortex 18: 515-523 
 
Todor JI, Smiley-Oyen AL (1987) Force modulation as a source of hand differences in 
rapid finger tapping. Acta Psychol 65: 65-73 
 
Toth N (1985) Archaeological evidence for preferential right-handedness in the lower 
and middle pleistocene, and its possilbe implications. J Hum Evol 14: 607-614 
 
Triggs WJ, Calvanio R, Macdonell RA, Cros D, Chiappa KH (1994) Physiological motor 
asymmetry in human handedness: evidence from transcranial magnetic 
stimulation. Brain Res 636: 270-276 
 
Triggs WJ, Subramanium B, Rossi F (1999) Hand preference and transcranial magnetic 
stimulation asymmetry of cortical motor representation. Brain Res 835: 324-329 
 
Vallbo AB (1970) Response patterns of human muscle spindle endings to isometric 
voluntary contractions. Acta Physiol Scand 80: 43A 
 
Vallbo AB (1974) Afferent discharge from human muscle spindles in non-contracting 
muscles. Steady state impulse frequency as a function of joint angle. Acta Physiol 
Scand 90: 303-318 
 
Vallortigara G, Rogers LJ (2005) Survival with an asymmetrical brain: advantages and 
disadvantages of cerebral lateralization. Behav Brain Sci 28: 575-589; discussion 
589-633 
 
Velay JL, Benoit-Dubrocard S (1999) Hemispheric asymmetry and interhemispheric 
transfer in reaching programming. Neuropsychologia 37: 895-903 
 
148 
Velay JL, Daffaure V, Raphael N, Benoit-Dubrocard S (2001) Hemispheric asymmetry 
and interhemispheric transfer in pointing depend on the spatial components of the 
movement. Cortex 37: 75-90 
 
Viviani P, Perani D, Grassi F, Bettinardi V, Fazio F (1998) Hemispheric asymmetries and 
bimanual asynchrony in left- and right-handers. Exp Brain Res 120: 531-536 
 
Volkmann J, Schnitzler A, Witte OW, Freund H (1998) Handedness and asymmetry of 
hand representation in human motor cortex. J Neurophysiol 79: 2149-2154 
 
Wada JA, Clarke R, Hamm A (1975) Cerebral hemispheric asymmetry in humans. 
Cortical speech zones in 100 adults and 100 infant brains. Arch Neurol 32: 239-
246 
 
Wang J, Sainburg RL (2003) Mechanisms underlying interlimb transfer of visuomotor 
rotations. Exp Brain Res 149: 520-526 
 
Wang J, Sainburg RL (2004a) Interlimb transfer of novel inertial dynamics is 
asymmetrical. J Neurophysiol 92: 349-360 
 
Wang J, Sainburg RL (2004b) Limitations in interlimb transfer of visuomotor rotations. 
Exp Brain Res 155: 1-8 
 
Wang J, Sainburg RL (2006) The symmetry of interlimb transfer depends on workspace 
locations. Exp Brain Res 170: 464-471 
 
Ward JP, Hopkins WD (1993) Primate laterality: Current behavioral evidence of primate 
asymmetries. Springer-Verlag, New York 
 
Waterhouse L, Fein D (1984) Developmental trends in cognitive skills for children 
diagnosed as autistic and schizophrenic. Child Dev 55: 236-248 
 
Watson RT, Heilman KM (1983) Callosal apraxia. Brain 106 (Pt 2): 391-403 
Wernicke C (1874) Der aphasische symptom-complex. Eine psychologische studie auf 
anatomischer basis. Cohn & Weigert, Breslau 
 
White LE, Andrews TJ, Hulette C, Richards A, Groelle M, Paydarfar J, Purves D (1997) 
Structure of the human sensorimotor system. I: Morphology and cytoarchitecture 
of the central sulcus. Cereb Cortex 7: 18-30 
 
White LE, Lucas G, Richards A, Purves D (1994) Cerebral asymmetry and handedness. 
Nature 368: 197-198 
 
Winstein CJ, Pohl PS (1995) Effects of unilateral brain damage on the control of goal-
directed hand movements. Exp Brain Res 105: 163-174 
 
149 
Woodworth RS (1899) The accuracy of voluntary movement. Psychological Review 3: 1-
119 
 
Worringham CJ, Stelmach GE (1985) The contribution of gravitational torques to limb 
position sense. Exp Brain Res 61: 38-42 
 
Wyke M (1971) The effects of brain lesions on the performance of bilateral arm 
movements. Neuropsychologia 9: 33-42 
 
Ziemann U, Hallett M (2001) Hemispheric asymmetry of ipsilateral motor cortex 
activation during unimanual motor tasks: further evidence for motor dominance. 
Clin Neurophysiol 112: 107-113 
 
 
 
150 
